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E-mail addresses: Eric.Gilson@unice.fr, Eric.Gilson@A major issue in telomere research is to understand how the integrity of chromosome ends is con-
trolled. Although several nucleoprotein complexes have been described at the telomeres of different
organisms, it is still unclear how they confer a structural identity to chromosome ends in order to
mask them from DNA repair and to ensure their proper replication. In this review, we describe how
telomeric nucleoprotein complexes are structured, comparing different organisms and trying to
link these structures to telomere biology. It emerges that telomeres are formed by a complex and
speciﬁc network of interactions between DNA, RNA and proteins. The fact that these interactions
and associated activities are reinforcing each other might help to guaranty the robustness of telo-
meric functions across the cell cycle and in the event of cellular perturbations. We propose that telo-
meric nucleoprotein complexes orient cell fate through dynamic transitions in their structures and
their organization.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Basic principles of telomere structure and function
Telomeres are important genome-stabilizing components of lin-
ear chromosomes. Variations in telomere status critically affect cell
senescence, stem cell biology and the development of many dis-
eases, including cancer [1]. The importance of telomeres in govern-
ing cell fate is likely attributable to their numerous functions; they
protect chromosome ends from the DNA damage checkpoint
machinery and repair, control the terminal replication of chromo-
somal DNA, localize chromosome ends within the nuclear space,
and modulate gene expression [2]. A key issue in modern telomere
biology is to link these functions to the structure of the nucleopro-
tein complexes that cap chromosome ends.
In most organisms, the telomeric DNA has a sequence com-
posed of repetitions of a small G-rich motif (TTAGGG in verte-
brates) with a single stranded tail on the 30-oriented strand (G
tail). It was recently shown that telomeric DNA is also transcribed
into a UUAGGG repeats containing RNA called TERRA which is
anticipated to play fundamental roles in telomere biology [3,4].
In the absence of special telomere maintenance mechanisms,
linear chromosomes shorten with every round of DNA replication,chemical Societies. Published by E
Laboratory of Biology and
RM, 28 Avenue Valombrose,
2728080.
ens-lyon.fr (E. Gilson).leading to replicative senescence or apoptosis [2]. Consequently,
non-dividing cells are capable of maintaining their telomeric
DNA over time, whereas telomere erosion is inexorably rhymed
by cell division. In a large number of organisms, the complete rep-
lication of telomeric DNA depends on telomerase, a specialized re-
verse transcriptase that uses its RNA template to add G-rich
telomeric repeats to the terminal 30 overhang [2,5]. In cells that ex-
press telomerase, telomeric DNA trimming still occurs but can be
counterbalanced either partially or completely by the elongation
of the G-rich strand and by its subsequent complementary
replication.
An important property of telomeres is their capacity to fold into
non-canonical structures such as G-quadruplex (G4) DNA, an unu-
sual DNA conformation based on guanine quartets [6] (Fig. 1A and
B) and t-loops, lasso -like structures that have been observed by
electron microscopy on puriﬁed telomeres of diverse origins [7]
(Fig. 1C).
We learned from the last two decades of telomere research that
telomere speciﬁc nucleoprotein complexes coordinate several
pathways that prevent checkpoint activation and recombination.
One of them is named shelterin [8]. In mammals, shelterin is com-
posed of six polypeptides (TRF1, TRF2, RAP1, Tin2, TPP1, Pot1)
(Fig. 1D). Various combination of these shelterin components are
found in other organisms; for instance, only Rap1 is found at bud-
ding yeast telomere (Fig. 1E) while Ciliate telomeres contain POT1
and TPP1 homologues but apparently no other component of thelsevier B.V. All rights reserved.
Fig. 1. The diversity of form and nature of telomeric components. (A) NMR structure of intramolecular G-quadruplex structure of human telomeric DNA in K(+) solution
[188]. (B) G-Quartet, detail of the structure above. (C) Schematic model of a t-loop. G-tail invasion and migration is thought to create a D-loop and a Holliday junction (shown
in the two dotted circles) at the foot of the loop. (D–G) Schematic of main telomeric proteins in mammals, Saccharomyces cerevisiae, Oxytricha nova and Schizosaccharomyces
pombe. The known structures of proteins and domains are shown. Secondary structures such as a-helices in TRF1, TRF2, RAP1and ScRap1 and b-sheets in POT1, SpPot1, TPP1,
Cdc13, TEBP, Stn1 and Ten1 are shown in red.
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functional properties of the shelterin components is given in
Table 1.
Telomere protection is also accomplished by another complex
formed by an heterotrimer complex called CST for Cdc13-Stn1-
Ten1, which binds directly to the G-strand overhang [9,10]
(Fig. 1E). How CST and shelterin co-evolved and coordinate telo-
mere protection are now central questions in telomere biology.
The chromatin structure of telomeres is unusual and has been
referred to as telosome [11,12]. The yeast telomeres adopt a
non-nucleosomal chromatin structure containing the telomeric
DNA-binding protein Rap1p [13]. In contrast to yeast telomeric
organization, the shelterin complex appears to cohabit with nucle-
osomes in mammals. Mammalian telomeric chromatin exhibits
characteristics of heterochromatin [14] and triggers telomere posi-
tion effects [15,16].
In this review, we will detail our knowledge on the speciﬁc
components of telomeric nucleoprotein complexes, namely the
telomeric DNA and RNA and the speciﬁc proteins that bind to
them. The particular case of the Drosophila telomere-capping
complex, which appears to be independent of the sequence of
terminal DNA, will not be addressed here.
2. The diversity of form and structure of telomeric nucleic acids
2.1. Sequence and length
Since the early days of the study of linear DNA molecules in Tet-
rahymena containing ribosomal DNA [17], telomeres from many
organisms have been sequenced and found to be composed, inmost cases, of short repeated units. The homogeneity of the repeats
can vary (as an example Saccharomyces cerevisiae telomeres bear a
TG1–3 sequence, [18]) and their base composition is usually biased,
one strand being very rich in guanine bases with a frequent occur-
rence of tracts of three or more adjacent guanine residues (G-
strand). An exception to this rule is the telomeres of Drosophila
formed by retrotransposons and telomeres from some monocoty-
ledon plants (Alliaceae) that display rDNA in place of bona ﬁde
telomeres. The telomeric repeat TTAGGG is found in all vertebrates
and in some unicellular organisms, such as Neurospora crassa. The
conservation between the repeats does not extend to their length
which varies greatly from one species to another, from one type
of cell to another and even from one telomere end to another in
the same cell. On average, human telomeres are roughly 10 kb long
but telomeres as short as 13 repeats have been observed in telome-
rase-negative human ﬁbroblasts [19,20] and extremely short telo-
meres called ‘‘t-stumps” and containing no more than 7 repeats
have been characterized in telomerase-positive human cancer cells
[21]. Very long telomeres are found in rodents and plants (20–
50 kb and over) and, at the other side of the scale, the telomeres
capping the genes in the macronuclei of ciliates only bear a few
tens of repeats.
2.2. The single stranded tail
Beyond their difference in size, telomeres throughout the
eukaryotic kingdom show a conserved bipartite structure: a double
stranded part followed by a terminal single stranded tail. This ter-
minal overhang corresponds to an extension of the G-strand
although a C-strand tail has also been observed in Caenorhabditis
Table 1
Main characteristics and properties of shelterin and shelterin-like telomeric proteins.
Proteins Structural features Biochemical properties Associated proteins Known functions
Vertebrate TRF1
TTAGGG repeat factor 1
– Speciﬁc binding to telomeric ds DNA
through a Myb/SANT/Telobox domain
(NMR: pdb 1IV6; X-ray: pdb 1WOT)
– Homodimerization TRFH domain (pdb
1H6O)
– Binds telomeric dsDNA as a dimer [136,157]
– Bends DNA [136,157]
– Creates DNA synapsis [156]
– Facilitates ssDNA invasion into duplex DNA [80]
– Regulates Werner activity in vitro [192]
NM23-H2 [193], SALL1 [194], TIN2,
PINX1, ATM, EB1, MMS21, NS, FBX4,
Tankyrase1 and 2 [195], BLM [196],
PML3 [197]; SA1 [198]
– Telomere length regulation [77,199]
– Telomere replication [32,200]
– End protection [199,200]
– Mitosis[199–202]
Vertebrate TRF2
TTAGGG repeat factor 2
– Speciﬁc binding to telomeric ds DNA
through Myb/SANT/Telobox domain
(NMR: pdb 1VFC, X-ray: 1WOU)
– Homodimerization TRFH domain (pdb
1H6P)
– Contains a GAR domain (high content
of Gly and Arg residues), also named
the basic (or B) domain
– Binds telomeric dsDNA [90–92]
– Recognizes ds/ss DNA junctions [203], Holliday
junctions [83,149], G4 structures [53], high
energy laser DNA damages [204,205] and posi-
tively supercoiled DNA [159]
– Forms t-loops [7,78]
– Binds TERRA RNA [72]
– Protects Holliday junctions from resolvases
cleavage and from Werner-mediated resolution
[83,150]
– Condenses DNA [63]
– Introduction of positive supercoils around itself
[63]
– Binds better positively supercoiled than relaxed
or negatively supercoiled DNA [159]
– Stimulates ssDNA invasion into duplex DNA
[63,80]
– Regulates the enzymatic activities of Werner
[192,206], MUS81 [207], DNA polymerase beta
[208], and Apollo [159]
TIN2, RAP1, POT1, Apollo, ATM, MRN
complex, WRN, BLM, Ku70, ORC1 and
PARP1, 2 [195], ERCC1/XPF [209],
Topoisomerase III [210], FEN1 and
DNA polymerase beta [208], SLX4
[211,212], REST [213], PNUTS and
MCPH1 [214], MUS81/EME1 [207]
– Telomere protection [77]
– Replication of the EB virus episome
[215,216] and of telomeres [159]
– Neuronal gene silencing [213]
– Global repair? [204]
Vertebrate RAP1
Repressor activator
protein 1
– ScRap1 homolog contains a Myb-like
(pdb 1FEX), a BRCT and a RCT domain
– Does not bind DNA
– Inhibits NHEJ-mediated ligation in vitro [217–
219]
TRF2 [141], RAD50/MRE11 and KU86
[220], IKKs [221]
– Telomere length regulation [220,222]
– Inhibition of NHEJ in human cells [219]
– Inhibition of T-SCE in mice [223]
– Participates in subtelomeric silencing and
transcriptional regulation in mice [224]
– Regulates NFjB-dependent gene expression
[221]
Vertebrate TIN2
TRF1 interacting factor 2
2 Isoforms TIN2S (354 aa) TIN2L (451 aa)
in human cells
– Monomeric protein [225]
– Increases TRF1 binding on telomeric DNA [225]
SA1 [198], TRF1, TRF2, TPP1, bridges
TRF1 and TRF2 to TPP1/POT1 [77]
– Telomere length control [226]
– Regulates Tankyrase 1 [227]
– Telomerase recruitment [228]
– Attachment to the nuclear matrix (TIN2L)
[229]
– Telomere cohesion [230]
Vertebrate TPP1 (or TINT1,
PTOP, PIP1)
– Contains an OB-fold (pdb 2I46) – Increases telomerase processivity [121,231]
– Increases POT1 binding on ssDNA [232]
– Increases POT1 ability to discriminate between
ssDNA and RNA [125]
TIN2, POT1, Telomerase [77] – Telomere protection [232]
– Telomerase recruitment [233]
– Mouse TPP1 is involved in the inhibition of
Lig4-independent NHEJ [234]
Vertebrate POT1
Protection of Telomere 1
– Contains 2 OB-folds (ssDNA complex
pdb 1XJV)
– 2 POT1 proteins exist in mice
[235,236]: POT1a (640 aa) and POT1b
(547 aa)
– Binds telomeric G-strand [232]
– Disrupts G4 structures [55]
– Can inhibit or stimulate Telomerase in vitro
depending on its binding position [237]
– Increases Telomerase processivity [121,231]
TPP1 [121], TRF2 [238], TRIP6 [239] – Telomere protection [240]
– Telomere length regulation [241]
– Control of the C-strand resection [33]
– In mice POT1a represses ATR activation and
POT1b regulates C-strand processing
[235,236] POT1a/b are involved in the inhi-
bition of Lig4-independent NHEJ with TPP1
[234]
ScRap1
Repressor Activator
protein 1
– Contains 2 Myb domains (dsDNA com-
plex pdb 1IGN), a BRCT and a RCT
domain (pdb 3CZ6)
– Distorts DNA upon binding telomeric dsDNA
[145,148]
– Stimulates ssDNA invasion into duplex DNA
[160]
– Untwists double-stranded DNA [160]
Rif1, Rif2 [242] Sir3, Sir4 [243] – Transcription regulation [98]
– Telomere length control [244]
– Telomere position effect [185], sub-nuclear
localization [245] and capping [246,247]
(continued on next page)
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Table 1 (continued)
Proteins Structural features Biochemical properties Associated proteins Known functions
Taz1
Telomere-associated
protein in S. pombe
– Contains a single Myb-like domain at
the C-terminus [248]
– Binds telomeric dsDNA [248,249]
– Forms donut-like hexamers in solution and on
dsDNA [76]
– Forms t-loops [76]
SpRif1 [180], SpRap1 [142] – Meiosis [250]
– Telomere replication [251]
– Inhibition of NHEJ [252]
– Inhibition of telomere recombination [253]
– Telomere Position Effect [185]
– Global repair? [161]
SpRap1
Repressor Activator
protein 1
– ScRap1 homolog -contains a Myb-like
and a BRCT domain [142]
Taz1 [142,180], Poz1 [96] – Meiosis [250]
– Prevent chromosome end fusions and regu-
late telomeric 30 overhang formation [254]
– Telomere Position Effect [185]
– Recombination-based telomere mainte-
nance [253]
Poz1
Pot1-associated protein
in S. pombe
– Functional homolog of TIN2? SpRap1, Tpz1 [96], therefore
connecting Taz1-Rap1 to the Pot1
complex
– Telomere protection [96]
– Telomere length regulation [96]
Tpz1
TPP1 homolog in
S. pombe
– TPP1 ﬁssion yeast ortholog Ccq1, Poz1, Pot1 [96] – Recruitment of telomerase [255,256]
Ccq1
Coiledcoil quantitatively
enriched protein 1
– The N-terminus is predicted to contain
10 armadillo/heat-type repeats [179]
– The C-terminus is predicted to form
coiled-coil secondary structures [179]
Tpz1 [96] – Meiosis [179]
– Telomere protectioI [96]
– Telomerase recruitment [256]
– Taz-1 independent inhibition of telomere
recombination [257]
– Inhibition of ATR [256]
– Heterochromatin formation [258]
SpPot1
Protection of Telomere 1
– OB-fold containing protein (ssDNA
complex pdb 1QZG)
Binds the telomeric G-strand in vitro [89,259]
DNA binding domain unfolds G4 structures [54]
Tpz1 [96] – Telomere protection [89]
– Regulation of telomere length [96]
h stands for human, Sc for Saccharomyces cerevisiae, Sp for Schizosaccaromyces pombe.
DDR stands for DNA damage response, ssDNA for single stranded DNA, dsDNA for double stranded DNA, NHEJ for non-homologous end joining, HR for homologous recombination, T-SCE for telomere-sister chromatid exchange. If
the structure of the protein or a domain has been solved the corresponding number in the protein database (pdb) is given. Question marks denote putative functions. We apologize for any relevant reference that might be missing
in this table.
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M.-J. Giraud-Panis et al. / FEBS Letters 584 (2010) 3785–3799 3789elegans telomeres [22] and transiently during the S phase of some
human cells [23]. A G-tail of a controlled length is required for telo-
mere protection [24,31]. This length varies from species to species
with short tails found in S. cerevisiae (10–15 nt outside the S phase
[25]) and signiﬁcantly longer ones (50–500 nt) in mammals [26–
28]. How this G-tail is generated is still unclear but all data con-
verge towards a mechanism independent of telomerase and
involving a resection of the 50 C-strand through the action of heli-
cases and nucleases including the trimeric complex MRN (MRX in
budding yeast) [29,30] and the 50-exonuclease Apollo protein
[24,31]. In human cells, this 50 resection seems tightly regulated
since 80% of telomeric C-strands end with a CCAATC-50 sequence
[32] while a more random sequence was found for the terminus of
the G-strand. This precise determination of the 50 nucleotide in-
volves POT1 [33] although the molecular mechanism has yet to
be uncovered.
G-Tails are important features in telomere dynamics since they
participate in the folding, the processing and the lengthening of
telomeres. They constitute the substrate to which telomerase adds
telomeric repeats. Their invasion in (or hybridization with) extra-
chromosomal telomeric circles (t-circles) is thought to initiate tel-
omerase-independent telomeric DNA synthesis through a rolling-
circle mechanism [34]. In TRF2 compromised human cell, their re-
moval through a process involving the ERCC1–XPF complex leads
to NHEJ-mediated fusions [35].
It has been known for more than two decades that the telomeric
G-tail can form structures in vitro called G-quadruplexes, tetra-
plexes or G4 [36] (for review, see Refs. [37,38]) (Fig. 1A). The basic
unit of a G4 is the G-quartet where four Guanines bases coming
from different repeats interact with each other using Hoogsten-
type base pairing (Fig. 1B). Stacking of these G-quartets gives rise
to the G-quadruplex structure that can therefore contain three or
four G-quartets depending on the repeat and can involve one (in-
tra-molecular G4), two or four (inter-molecular G4) strands. Many
biochemical or biophysical data have been published on the pres-
ence of such a structure on the telomeric G-strand in vitro (for re-
view see Refs. [39,40]). Direct in vivo evidence of the presence of
this structure at telomeres has been reported in the macronucleus
of the stichotrichous ciliate Stylonychia lemnae using G4 speciﬁc
antibodies [41,42]. In human cells, the telomeres of mitotic chro-
mosomes have been shown to bind tritiated G4 ligands [43] and
to be sensitive to G4 stabilizing ligands such as Telomestatin,
RHPS4 or BRACO-19 [44–47].
It is striking that different types of telomere proteins have the
capability to unfold, cut, interact with or even promote the G4
structure. For instance, the yeast Rap1 promotes G4 formation
[48–51] a property that has also been reported for the TPP1 homo-
logue of the ciliate Oxitrichia (TEBP b) [52] and for the human TRF2
protein thanks to its N-terminal basic domain [53]. Unfolding of G4
can be promoted by the association Pot1 [54,55] and by the RecQ-
type and Pif1 helicases, [56–59]. In agreement with a biological
role of these activities, in the ciliate Stylonychia, the POT1-TPP1
homologue (TEBP a–b) heterodimer controls its formation within
the macronucleus [41].
An intriguing question regarding the role of G4 structures is
whether they contribute to or prevent telomere protection. In vivo
data from ciliates suggest a role of G4 in capping the very terminus
of telomeres protecting them from degradation and limiting access
to telomerase [41]. A simple model is that the folding of the 30
overhang into a G4 structure would block the access of recombi-
nase and nuclease at chromosomal termini but would also prevent
telomerase action. However, several data suggest that the role of
G4 structures is in fact more complex. Cech and collaborators re-
ported that human POT1 enhances the ability of a G4 containing
primers to serve as telomerase substrates in vitro suggesting that
G4 unfolding is required for telomerase activity [55]. On anotherhand, Zhang et al. [60] reported the ability of the telomerase sub-
unit Est1 to induce G4 formation in vitro in the telomerase sub-
strate. Importantly, mutations in Est1 that abolish this G4
promoting activity cause telomere shortening. It was proposed
from this study that Est1 could convert the single-stranded telo-
meric DNA to parallel tetramolecular G4 to prevent telomerase
RNA from annealing at the internal part of the single-stranded sub-
strate, thereby positioning telomerase to the proximal 30 terminus
[60]. Thus, it appears that, depending on its location relative to the
DNA 30 end, the folding of telomeric DNA into a G4 structure can
either inhibit or favor telomerase action.
The formation of G4 structures on the lagging strand during
telomere replication is thought to hinder fork progression explain-
ing the requirement of the WRN helicase for efﬁcient replication
[61]. Along the same line, it is expected that G4 could also be pres-
ent on the untranscribed G strand during TERRA synthesis as has
been observed in transcription assays in vitro using human-type
telomeric DNA and T7 RNA polymerase [62].
As will be discussed below, the invasion of the 30 overhang into
the duplex part of telomeric DNA is required to form a lasso-like
structure at chromosome termini, called the t-loop (Fig. 1C). In fact,
the invasion reaction is intrinsically favored by telomeric DNA se-
quences even in the context of linear DNA, albeit with a much low-
er efﬁciency [63]. From unusual sensitivity to S1 nuclease [64], to
the formation of peculiar conformations [65,66], several data attest
that telomeric DNA can fold into eclectic structures involving G4
upon topological stress. Formation of these structures is accompa-
nied with partial melting of the telomeric double helix, which may
further account for the striking efﬁciency of telomeric DNA in
uptaking a homologous single strand [63,67].
The telomeric C-strand can also fold in a non-canonical struc-
ture called the i-motif where two parallel-stranded duplexes asso-
ciate in a head-to-tail orientation with intercalation of C.C+ base
pairs. Requiring hemi-protonation of cytosines, this motif is mostly
associated with low pH [68] although one can speculate that puta-
tive protein interactions may stabilize this structure in less favor-
able conditions. As for the G4 structure, this conformation could
participate in the dynamics of the telomeric double helix and favor
its opening [68].
2.3. Telomeric RNA
For a long time telomeres were considered as being transcrip-
tionally silent but UUAGGG-repeats containing RNAs have been
recently uncovered [3,4]. Mostly transcribed by RNA polymerase
II from promoters located in the subtelomeric region [69], these
so-called TERRAs (telomeric repeat-containing RNAs) or TelRNAs
are very heterogeneous in size but can reach up to 9 kb. In vitro,
they can form inter- and intra-molecular G4 structures that have
been characterized by circular dichroïsm, NMR and electron
microscopy [70,71]. They associate with a subset of telomeres
in interphase and can be observed by RNA-FISH (Fluorescence
In Situ Hybridization) at the ends of metaphasic chromosomes
from human and mouse cells. It has been shown recently that
hTRF2 can bind TERRA with remarkable afﬁnity and speciﬁcity
thanks to its N-terminal basic domain and that this interaction
is, at least in part, responsible for TERRA telomeric localization
[72]. Alternatively TERRA could bind to the C-strand or the G-
strand through the formation of DNA–RNA G4 hybrids that have
been observed in vitro [73]. The role of these RNA in telomere
biology is yet unknown. Determination of the heterochromati-
nized state of telomeres and regulation of telomerase are attrac-
tive possibilities [3,4,74,75]. Whatever their role(s), the presence
of TERRAs on telomeres is a fact that will have to be taken into
account particularly when dealing with the structure and the
folding of telomeres.
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Observed for the ﬁrst time in psoralen-crosslinked telomeric
DNA extracted from mouse liver, normal human peripheral blood
leukocytes and Hela cells [7], t-loops are lasso-like loops joining
the very end of telomeres to inner part of the telomeric tract. Since
then, t-loops have been observed in telomeric DNA extracted from
Schizosaccharomyces pombe to plant cells, ([76,77] and references
therein). In vitro experiments have shown that similar structures
can be obtained by using human-type telomeric DNA with a termi-
nal G-tail as short as 6 bp and in the presence of the telomeric pro-
tein TRF2 [78,79]. The requirement for the presence of a G-tail as
well as the binding of SSB (Single Strand binding protein) at the
foot of the loop have hinted to the presence of a D-loop resulting
from the invasion of the G-overhang inside the more internal dou-
ble helix [7]. In a model in vitro system based on the uptake of a
single stranded probe by a telomeric plasmid, TRF2 can stimulate
such an invasion through the manipulation of the topology of
DNA (more about that topic below) [63,80]. Migration of the G-tail
inside the D-loop has been proposed, leading to the involvement of
the double stranded DNA neighboring the G-tail and creating a
Holliday junction or even a double Holliday Junction next to the
D-loop [77,81] (Fig. 1C). Both the D-loop and these HJs are struc-
tures sensitive to a number of enzymatic activities such as heli-
cases, Flap-endonucleases or resolvases. Over-expression of a
N-terminal deletion mutant of TRF2 (TRF2DB) in various human
cells causes a rapid attrition of telomeres accompanied with the
production of circular extrachomosomic DNA species containing
telomeric repeats (t-circles) [81]. Since the size of these t-circles
resembles that of t-loops it has been proposed that they originate
from the resolution of t-loops and since XRCC3 and NBS1 were
both involved, this process has been called t-loop Homologous
Recombination (t-loop HR) [81,82]. In that model, the N-terminal
basic domain of TRF2 is therefore an inhibitor of t-loop HR and thus
a protector of the t-loop. The fact that this domain binds HJs and
prevents their resolution by several types of resolvases provides
a possible mechanism for these anti-recombination properties
[83]. Interestingly, t-loop HR might be way to regulate the length
of over-elongated telomeres in cells over-expressing telomerase
or in ALT cells ([84] and for review see [34]).
Double stranded t-circles are not the only form of telomere
extrachromosomal circles that have been reported. Recently, par-
tially single-stranded telomeric C-DNA circles (C-circles) have also
been observed in ALT cells [85,86].
Telomeric DNA can thus adopt many single stranded or double
stranded forms attesting of a great plasticity of telomeres where
intrinsic properties of the DNA itself play a major role.3. Plasticity of the nucleoprotein composition of telomeres
By combining chromatin precipitation of telomeric complexes
and mass spectrometry analysis (proteomics of isolated chromatin
segments, PICh), 200 telomere associated proteins have been
identiﬁed in human cells [87]. This attests of a great diversity
and already hints to the presence of a highly plastic organization
of human telomeres. Some of these telomeric players are perma-
nent components of the telomeric structure, others are more tran-
siently associated. From the former group, the shelterin
components have been extensively studied [77,88]. In mammals,
binding of this complex to telomeric DNA is mediated by TRF1,
TRF2 and POT1, the latter protein binding the single strand over-
hang and the two others recognizing the duplex part [89–93]
(Fig. 1D). TIN2 bridges TRF1 and TRF2 to the TPP1-POT1 heterodi-
mer, therefore linking the duplex component of telomeres to the
single stranded tail [77]. If all telomeres appear to bind shelterincomponents [77], it is unclear whether they are all composed of
complete shelterin complexes. In fact, functional telomeres also
hold shelterin sub-complexes involving fewer members of the
shelterin complexes. Several of these complexes have been isolated
that contain either TRF1 or TRF2 [94], their existence being sup-
ported by data obtained in human and mouse cells deleted or
expressing a dominant negative allele of TRF2 (for references see
[95]). Along the same lines, recent studies on the stoichiometry
of shelterin members in several human cells [95] indicate that
although TRF2 and RAP1 seem equally abundant, fewer molecules
of TRF1 are present on telomere chromatin. Enough TIN2 proteins
are present to bind both TRF1 and TRF2 molecules. TPP1 and POT1,
the less represented shelterin members, are bound in equal quan-
tities. It is therefore expected to ﬁnd several sub-complexes made
of shelterin components on mammalian telomeres. In ﬁssion yeast,
a shelterin-like complex has been identiﬁed ([96] and for review
see [97]) which also contains 6 proteins (Taz1, Rap1, Poz1, Tpz1,
Ccq1, Pot1) (Fig. 1G). Beyond some differences in protein organiza-
tion (like the presence of only one dsDNA binding protein Taz1 or
the Rap1 linking Taz1 to Poz1 the putative functional homolog of
TIN2), this complex provides the essential link between the double
stranded and the single stranded parts of Schizosaccharomyces
pombe telomeres and fulﬁls similar functions than the mammalian
shelterin complex. In budding yeast, the sole shelterin component
to be found at telomeres, Rap1, seems to have acquired the capac-
ity to speciﬁcally bind telomeric DNA during budding yeast evolu-
tion [98] (Fig. 1E).
In addition to this diversity in the composition of the shelterin
complexes, one has also to take into account the dynamics in the
binding of its components on the telomeric DNA. Using FRAP (Fluo-
rescence Recovery after Photobleaching) Karin A. Mattern et al.
[99] reported a residence time of 44 s for TRF1 revealing a highly
dynamic binding on telomeres. Notably and in accordance with the
presence of different shelterin sub-complexes, two different
behaviors could be observed for TRF2: 70% of TRF2 molecules be-
haved as TRF1, the remaining 30% had a much slower binding
dynamics (11 min of residence time) similar to that of POT1.
A second telomere complex initially discovered in budding
yeast through the capping properties of the single-stranded bind-
ing protein Cdc13 involves an heterotrimer named CST for
Cdc13-Stn1-Ten1 with structural properties similar to RPA, hence
its second name t-RPA [100–102]. Recent data show that CST com-
ponents are present in a wide range of organisms, including ﬁssion
yeast, plants and mammals and appear to be required for telomere
capping (Fig. 1D–G). A common function of these proteins might be
their ability to stimulate the polymerase alpha/primase. This sug-
gests a mode of telomere capping involving the ﬁlling of the termi-
nal C-strand gap that remains after telomerase elongation,
replication termination and terminal processing. In light of the
data obtained on Cdc13 in budding yeast, another conserved func-
tion of CST components might well be the regulation of telomerase.
Interestingly, human STN1 co-puriﬁed with TPP1 suggesting the
existence of CST–shelterin complexes [103].
While yeast telomere appear to be devoid of nucleosomes
[104,105], mammalian telomeres have been shown to contain
tightly packed nucleosomes [106,107] bearing heterochromatin
marks [14] and enriched in H3.3 variants [108,109]. Owing to the
6 bp repetition of telomeric DNA which is out of phase with the
10 bp helical repeat of B DNA, telomeric nucleosomes have been
found to be intrinsically mobile [110]. How these nucleosomes
are organized on telomeric chromatin and how they cohabit with
the telomeric complexes is still controversial. Some reports argue
for a competition between these telomeric players ([111,112]
and Galati, MJGP, F. Magdinier, S. Bauwens, S. Cacchione and EG,
manuscript in preparation), others are more in favor of an absence
of cross-talk between them [113].
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protect the very end of chromosomes are now central questions in
telomere biology. Building an integrated image of the telomeric
nucleoprotein structure is thus a challenge that requires taking
into account all these levels of complexity. The task could appear
daunting; we and others have chosen a bottom up approach inves-
tigating the intrinsic biochemical and structural properties of the
many components of telomere complexes.4. Common themes and new ideas in the way telomeric proteins
interact with DNA
A direct consequence of the conservation in the structure of
telomeric DNA is the selection of conserved protein motifs to inter-
act with it. Evolution has selected a sequence related to the Myb/
SANT domains [91] for binding the double stranded part of telo-
meres and the OB-fold to interact with the G-tail (for reviews see
Refs. [114,115]). Interestingly, the TRF2 protein also holds a small
N-terminal basic sequence that provides other ways to interact
with DNA and also to RNA.4.1. Recognition of single stranded DNA (ssDNA): the OB fold motif
OB-folds (Oligonucleotide/Oligosaccharide Binding folds) are
100 residues domains characterized by a rather low conservation
in primary sequence combine with a high conservation in three-
dimensional folding. With the recent additions of Stn1 and Ten1
from both Schizosaccharomyces pombe and Candida tropicalisFig. 2. OB-fold structures in telomeric proteins. (A) Domain representation of telomeri
orange cylinders, potential OB-folds by light orange cylinders, WH1 andWH2 in Stn1 prot
of the OB-fold domain. The colors from blue to red follow the peptide chain from N- to C
ssDNA (subunit a and b are noted, only the OB-fold is shown for the b subunit) [119]. (D)
complex with ssDNA [122]. (E) Crystal structures of the OB-folds of human POT1 protein i
protein [121]. (G) NMR structure of the OB fold from the Saccharomyces cerevisiae Cdc13
Stn1-Ten1 heterodimer of Schizosaccharomyces pombe [117]. (I) Crystal structures of the O
in red, a-helices in cyan or yellow and when present in the structure DNA is shown in[116,117], the Protein Data Bank (http://www.rcsb.org/pdb) now
includes various structures of OB folds from 9 telomeric proteins
including Homo sapiens TPP1, Saccharomyces cerevisae Cdc13, H.
sapiens and S. pombe POT1 and TEBP from Oxytrichia nova [118–
122] (Fig. 2A). As expected, these OB-folds exhibit the classical b-
barrel composed of 2 three-stranded antiparallel b-sheets, the ﬁrst
b strand (b1) being shared between both b-sheets (Fig. 2B). Struc-
tures of OB-fold-DNA complexes have been solved for Cdc13, TEBP
(ab heterodimer and a2 homodimer) and POT1 (HsPOT1v2 and
SpPOT1pN) ([115] and references within). DNA interactions are
mostly provided by a conserved face of b-barrel and loops that pro-
trude from the b strands, forming a cleft running across the surface
of the OB-fold. These loops vary greatly in size and sequence
explaining the notorious difﬁculty in predicting the presence of
OB-folds. This great diversity also explains the variability in the
length of the ssDNA site recognized by these domains. A 30 resi-
dues loop located between the b2 and b3 strands (L23) allows the
Cdc13 OB-fold to recognize a lengthy 11 nucleotides site [123].
For a similar length of 10 nucleotides, two OB-folds cooperate in
HsPOT1 [120]. Inside the complex, ssDNA tends to be oriented with
the 50 end being close to b4, L45 and b5, the 30 end falling around
the b2, L23 and b3 area (Fig. 2D–G). Exceptions to this rule are rare
but a noticeable one is the b subunit (hTTP1 ortholog) of the telo-
meric OnTEBP which presents an inverted orientation [124]. Spec-
iﬁcity of binding is provided both by hydrogen bonding from
speciﬁc residues to the DNA bases and by a folding of the ssDNA
allowing a snug ﬁt between the DNA substrate and the interaction
surface in the protein [115] (Fig. 2C). In C. elegans, both G- and C-
tail are present at telomeres and are recognized by distinct tailc proteins containing known OB-fold structures. OB-folds are represented by dark
eins stand for putative winged Helix-turn-Helix domains. (B) Overall representation
-terminus. (C) Crystal structures of the Oxytricha nova TEBP protein in complex with
Crystal structures of the OB-fold of the Schizosaccharomyces pombe POT1 protein in
n complex with ssDNA [120]. (F) Crystal structures of the OB-fold of the human TPP1
protein in complex with ssDNA [189]. (H) Crystal structures of the OB-folds in the
B-folds in the Stn1-Ten1 heterodimer of Candida tropicalis [117]. b-Sheets are shown
magenta.
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ingly, structural models suggest that the CeOB1 OB-fold closely
resembles the second OB-fold of hPOT1 and the one of CeOB2
the ﬁrst. No structure is yet available for these proteins but com-
paring the 3D structures of the DNA complexes of hPOT1, CeOB1
and CeOB2 will undoubtedly provide deep insight in the way these
motifs recognize their target sequence.
One question about OB-fold speciﬁcity has recently been an-
swered by Cech and collaborators who uncovered the mechanism
that dictates POT1 avoidance of the TERRA RNA [125]. Through
binding experiments and structural studies, these authors reveal
that a single ribouridine within the binding site allows discrimina-
tion between the T2AG3 DNA sequence and the U2AG3 sequence of
TERRA. Interestingly, the POT1 partner TPP1 is shown to exacer-
bate this discrimination. How this is achieved is still unknown
but one could imagine that despite the common belief that TPP1
does not interact with DNA, it could perhaps do so in the context
of the TPP1-POT1 heterodimer. In support to that idea, in TEBP
the O. nova ortholog of the mammalian TPP1-POT1 complex, both
the a and b subunits contact ssDNA.
Besides ssDNA recognition, OB-folds can also mediate protein-
protein contacts and thus participate in the quaternary organiza-
tion of the proteins and in the formation of multi-proteins com-
plexes (Fig. 2C–I). Examples can be found in the way the Cdc13,
Stn1 and Ten1 proteins interact to form the budding yeast CST
complex in a manner that is very similar to RPA [126,127]. The re-
cent structural and biological data obtain in S. pombe, C. tropicalis,
Arabidopsis thaliana and human cells strongly suggest that this con-Fig. 3. The Myb domain. (A) Domain representation of telomere proteins binding on do
motif, and the three conserved aromatic residues. (C–E) Crystal structures of the Myb/Tel
human TRF2 [132]. (F), (G and H) NMR structures of Myb/Telobox of Arabidopsos thaliana T
Sant domain of human Rap1 [140].servation holds true for CST-like complexes in a great number of
species [100–102,116,117]. Such associations allows a great mod-
ularity in the way these complexes can interact with ssDNA, like
human RPA that can exhibit at least three different binding modes
depending on the number and nature of the OB-folds that are en-
gaged in the interaction [114]. This also gives to these complexes
the capacity to manipulate ssDNA, a property probably critical
for their function on the single strand tail of telomeres. The way
that hPOT1, SpPot1 and OnTEBP affect the formation or removal
of G4 structures on G-tails is evidence of this faculty [41,52,54,55].
4.2. How to recognize telomeric double stranded DNA (dsDNA)?
4.2.1. The telobox motif
Based on SCOP classiﬁcation [128], the telobox DNA-binding
domain of TRF1 and TRF2 [90,91] belongs to the Myb/SANT domain
family, which is part of the homeodomain-like super-family, and is
organized in three a-helices arranged in a helix-turn-helix motif
(Fig. 3A and B). Like homeodomains, teloboxes bind DNA as a
monomer, the third a-helix is inserted into the major groove of
the DNA and the N-terminal arm into the adjacent minor groove
[129]. Each helix contains a conserved buried aromatic residue,
which all three together form a hydrophobic cluster essential for
the correct folding of the domain [130,131]. X-ray structures of
TRF1 and TRF2 telobox in complex with duplex DNA show that
the interaction is highly conserved between these two proteins,
involving mainly the third helix and the N-terminal arm [132]
(Fig. 3C and D). Speciﬁcity in recognition stems from directuble stranded DNA. (B) Overall representation of the Myb domain helix-turn-helix
obox-DNA complexes of Rap1 from Saccharomyces cerevisiae [143], human TRF1 and
RP1 [190], tobacco NgTRF1 [191], and rice OsRTBP1 [147]. (I) NMR structure of Myb/
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work of indirect water-mediated contacts [132]. The portion of
the telobox consensus sequence that corresponds to the DNA-rec-
ognition helix (Fig. 3B) contains a highly conserved VDLKDKWRT
sequence and shows only limited homology to the corresponding
helix of the other Myb repeats [90,91,135]. Thus, this particular se-
quence is responsible for the speciﬁcity of telobox proteins for
telomeric DNA. A telobox sequence is also found in the S. pombe
shelterin component called Taz1 but not in the budding yeast
Rap1, which binds telomeric dsDNA (Fig. 3A). In ﬁssion yeast or hu-
man, one telobox is located at the C-terminal of the TRF1, TRF2 and
Taz1 proteins, but these proteins have been shown to dimerize
(TRF1 and TRF2, [136,137]) or multimerize (Taz1, [76]) and there-
fore use several teloboxes for an efﬁcient DNA binding.
In plants, two protein families have been identiﬁed as potential
telobox candidates: TRFL (TFL-Like) and SMH (Single-Myb-His-
tone) [138]. SMH proteins contain a unique telobox motif close
to the N-terminal part of the protein, and form dimers through a
H1/5 central domain (Fig. 3A). In the TRFL family, one telobox motif
is located in C-terminal and is prolonged by an additional a-helix,
essential to dsDNA binding (Fig. 3A). In A. thaliana, the H1/5 do-
main of AtTRB1 interacts with DNA and participates to the multi-
merization of the protein [138].
4.2.2. The Rap1-type Myb motif
The DNA-binding domain of the S. cerevisiae Rap1 protein, lo-
cated in the central part of the protein, contains a double Myb se-
quence [139] (Fig. 3A). Homologues to the budding yeast Rap1
protein are also present in ﬁssion yeast and vertebrates and con-
tain a single domain, which does not bind DNA. Recruitment of
these Rap1 proteins to telomeric DNA occurs through their interac-
tion with the shelterin components Taz1 or TRF2 [140–142].
Both in terms of sequence and structure conservation the
hRAP1 Myb resembles most the ﬁrst Myb sequence of ScRap1 with
its long turn between the ﬁrst and second helices [140] (Fig. 3). The
hRAP1 domain lacks the highly positive surface that is present in
TRF1 and TRF2 which explains its inability to bind DNA [140].
Compared to the teloboxes, DNA sequence selectivity is lower for
the budding yeast domain. Structures of the double Myb domain
of ScRap1 in complex with telomeric or HMR sites show a greater
speciﬁcity for the ﬁrst half of the binding site [143,144]. This could
be due to the C-terminal tail following the second Myb sequence,
which, by folding back, could create additional speciﬁc interactions
with the ﬁrst hemi-site.
ScRAP1 is able to induce profound modiﬁcations of the conﬁgu-
ration of telomeric DNA. For instance, Rap1 untwists duplex DNA
creating potassium permanganate-sensitive sites [145,146]. In
addition, DNA is slightly bent in ScRap1 DNA complexes with an
angle of 10–20, a value far below the bending observed with the
full-length proteins using other approaches such as EMSA
[136,146–148] or microscopy [7,148]. The size of the oligonucleo-
tides, the delimitation of the domains used in structural studies, or
crystal packing may partly explain the lack of bending observed.
Additional protein/DNA interactions and, above all, the quaternary
structure of the full length protein certainly also affect DNA bend-
ing. In ScRAP1, additional interactions have not been described, but
DNA bending is strongly reduced upon removal of the BRCT do-
main, and exacerbated upon removal of the C-terminal domain
[148].
4.3. The N-terminal basic domain (B domain) of TRF2: an unfolded
domain that recognizes DNA and RNA
The ﬁrst 45 residues of TRF2 form a very basic domain (theoret-
ical pI 11.6) playing important roles in TRF2 functions and called B
domain or GAR due to its high content of Gly and Arg residues. Oneimportant feature of this domain is its capacity to interact with nu-
cleic acids while being essentially unstructured [83]. In DNA, the B
domain recognizes the structure rather than the sequence. It binds
to Holliday Junctions (HJs) and to chickenfeet, structures resem-
bling HJs that arise through regression of replication forks, in a
manner irrespective of sequence [83,149]. In vitro, this binding
causes base pair opening at the centre of these branched structures
protecting them against cleavage by resolvases from various
organisms [83]. This latter property could explain the phenomenon
of t-loop HR, which causes rapid telomere deletion [81]. The B do-
main (this time, aided by the Telobox) also protects HJs against res-
olution from the RecQ helicase Werner [150]. Besides HJ, the B
domain has also been shown to bind G4 structures [53] and to
cause TRF2 preference for junctions between ds and ssDNA [151].
Recently, it was shown to interact with the TERRA RNA [72].
Whether this binding relies on the folding of TERRA in a G4 RNA
structure is still unknown. Finally, the B domain also participates
in the wrapping of DNA mediated by TRF2 [63]. DNA and RNA
binding of the B domain is likely to be modulated by the different
proteins that recognize this domain such as the Werner protein or
ORC1 [152,153]. Post-translational modiﬁcations could also play
an important role in this regulation. The B domain has been re-
cently shown to be methylated by the protein arginine methyl-
transferase PRMT1 [154] and its phosphorylation by Chk2 has
been proposed to participate in the stability of the Epstein-Barr
virus episome and the efﬁciency of its replication [155]. How these
partners or modiﬁcations affect the properties of the B domain of
TRF2 is still unknown.5. On the road to an integrated vision of telomeres architecture
5.1. Higher-order structures mediated by DNA binding telomeric
proteins
As has already been hinted at in previous sections, cooperation
between domains, oligomerisation of binding domains or of full
length proteins can profoundly change the way telomeric proteins
interact with DNA. As a dimer hTRF1 bends DNA [136] and forms
DNA synapses by parallel pairing of telomeric tracts [156] thanks
to an extreme intrinsic ﬂexibility that allows a great liberty in
the binding geometry of its teloboxes [157]. This property could
facilitate the folding back of telomeres that seems necessary for
the formation of t-loops. TRF2 forms higher-order complexes
where the DNA is wrapped in a right handed orientation [63]
(Fig. 4). As a consequence, the surrounding DNA becomes nega-
tively supercoiled, a topological strain that helps helix opening.
Of note, in this, TRF2 is aided by the very nature of telomeric
DNA and its inherent property to ‘‘open easily” (see the DNA sec-
tion). This facilitated opening stimulates the uptaking of single
strand, a reaction that is thought to participate in the formation
of the t-loop but can also be involved in telomeric recombination
events. Another consequence of this modiﬁcation of DNA topology
is the ability of TRF2 to recognize positively coiled DNA. An accu-
mulation of positively supercoiled DNA and pre-catenates could
arise during replication when fork progression is blocked by a
topological barrier. These topological problems are usually re-
solved by Topoisomerases 1 and 2 [158]. In a recent study, we have
uncovered that TRF2 with its partner Apollo cooperates with topo-
isomerase 2 during telomere replication probably to help the re-
lease of this topological stress [159]. In fact, manipulation of
DNA topology by telomeric proteins could be a common property
of DNA binding telomeric proteins. Indeed, ScRap1 was found long
ago to be able to modify DNA topology and to stimulate ssDNA/
dsDNA association [160]. Like TRF2, S. pombe Taz1 oligomerises
and forms higher order complexes with telomeric DNA [76].
Fig. 4. TRF2 condenses telomeric DNA. Atomic force microscopy images of TRF2 complexes with a 650 pb telomeric duplex DNA. These complexes were shown to correspond
to dimers, tetramers, hexamers and octamers of TRF2 [63]. Several molecules are shown in panels A and D. In panel A free DNA is also shown and in panel D, only the central
molecule corresponds to the octameric form of the complex. Note the way DNA shortens with the increasing mass of the complex indicating DNA wrapping. Models of the
complexes are drawn above the images.
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gated so far it is possible that supercoiling of DNA also occurs with
this protein. An indication that it might be comes from genetic data
showing that modiﬁcation of topoisomerase 2 activity suppresses
the defect of ﬁssion yeast cells harboring a deletion of Taz1 gene
[161,162].
5.2. Spatio-temporal organization of telomeric chromatin
The telomeric chromatin is not randomly localized within the
nucleoplasm and can be found at the nuclear periphery [163]. This
positioning varies greatly among organisms, cell types, cell cycle
stages and individual telomeres. At the bouquet stage, for instance,
the clustering of all telomeres at the edge of the nucleus is a nearly
universal feature of meiosis [164]. In budding yeast, the 32 telo-
meres gather into 4–6 foci, associated with the nuclear envelope
[165] that sequesters heterochromatic factors [165,166]. The
peripheral positioning of yeast telomere is mediated directly by
the nucleoprotein complexes bound to the telomeric DNA [167].
A perinuclear positioning of telomeres is also observed in Plasmo-
dium, where it favors subtelomeric gene conversion [168] while in
plants, telomeres are observed either close to the nuclear periph-
ery [169] or around the nucleolus [170]. In mammalian nuclei,
telomeres adopt different locations [171]. While human telomeres
are clustered at the nuclear periphery in sperm [172], most telo-
meres in lymphocyte and cancer cell nuclei are located in the inte-
rior of the nucleoplasm ([173] and references within).
There is mounting evidences that the movement of chromo-
some ends within interphase nuclei is controlled by the structure
of the telomeric chromatin. Life imaging showed that individually
tagged telomeres in budding yeast move within restricted zones
near the nuclear periphery and can form transient associations
with other telomeres [174,175] and that human telomere move-
ments appear to be constrained within small territories
[176,177]. Interestingly, a systematic analysis of telomere move-
ment in human cells by time-resolved microscopy showed an het-
erogeneity in the rapidity of movement of individual telomeres,
the shorter telomeres being more rapid than the others [178].
Our understanding of how the position and the movement of
telomeres are determined is still at its infancy. In yeast, the spatio-
temporal properties of telomeres are determined, at least in part,
by telomere associated proteins [105,174,179,180]. For mamma-
lian telomeres, the relevant data indicate a role of the nuclear lam-
ina, DNA damage response proteins and the chromatin state of
telomeres. Indeed, transient association of telomere to proteins
of the nuclear envelop has been reported at the end of mitosis
[181], functional relationships exist between telomeres and lamin
A species [173,182–185], a correlation has been established be-
tween peripheral positioning, heterochromatin and late replication[186] and deprotected telomeres are more mobile thanks to the
recruitment of 53BP1 [187].6. Concluding remarks
In recent years, much progress has been made in the description
of the many players involved in telomere biology. Some telomeric
systems that were thought to be far apart have now been shown to
rely on similar proteins (such as the POT–TPP1complex of mam-
mals and the TEBP protein from ciliates or the CST budding yeast
complex now found in mammals and plants). The discovery of
the TERRA RNA has opened a new area of research and will force
us to rethink some long-held ideas. Telomeric DNA, that was rather
considered as a silent partner in telomeric functions is now per-
ceived as an important player through its unusual physical and
biochemical properties. Intrinsic properties of telomeric proteins
have been brought to light such as their ability to manipulate
ssDNA and dsDNA to fold telomeres into higher-order structures
or to unfold themwhen required. We foresee that plasticity of telo-
meric nucleoprotein complexes is a key feature of telomere iden-
tity and plays a major role during cell cycle, development and
differentiation. How and by whom this plasticity is regulated
and, above all, how important it is for cell fate will undoubtedly
be important questions in years to come. We and others have be-
gun investigating this topic by allying structural biochemical and
biological data in the hope of building a much needed structural
identity of telomeres.References
[1] Blackburn, E.H. (2000) Telomere states and cell fates. Nature 408, 53–56.
[2] Gilson, E. and Geli, V. (2007) How telomeres are replicated. Nat. Rev. Mol. Cell
Biol. 8, 825–838.
[3] Azzalin, C.M., Reichenbach, P., Khoriauli, L., Giulotto, E. and Lingner, J. (2007)
Telomeric repeat containing RNA and RNA surveillance factors at mammalian
chromosome ends. Science 318, 798–801.
[4] Schoeftner, S. and Blasco, M.A. (2008) Developmentally regulated
transcription of mammalian telomeres by DNA-dependent RNA polymerase
II. Nat. Cell Biol. 10, 228–236.
[5] Blackburn, E.H. (2000) The end of the (DNA) line. Nat. Struct. Biol. 7, 847–850.
[6] Oganesian, L. and Bryan, T.M. (2007) Physiological relevance of telomeric G-
quadruplex formation: a potential drug target. Bioessays 29, 155–165.
[7] Grifﬁth, J.D., Comeau, L., Rosenﬁeld, S., Stansel, R.M., Bianchi, A., Moss, H. and
de Lange, T. (1999) Mammalian telomeres end in a large duplex loop. Cell 97,
503–514.
[8] Palm, W. and de Lange, T. (2008) How shelterin protects mammalian
telomeres. Annu. Rev. Genet. 42, 301–334.
[9] Grandin, N., Damon, C. and Charbonneau, M. (2001) Ten1 functions in
telomere end protection and length regulation in association with Stn1 and
Cdc13. EMBO J. 20, 1173–1183.
[10] Grandin, N., Reed, S.I. and Charbonneau, M. (1997) Stn1, a new Saccharomyces
cerevisiae protein, is implicated in telomere size regulation in association
with Cdc13. Genes Dev. 11, 512–527.
M.-J. Giraud-Panis et al. / FEBS Letters 584 (2010) 3785–3799 3795[11] Wright, J.H., Gottschling, D.E. and Zakian, V.A. (1992) Saccharomyces telomeres
assume a non-nucleosomal chromatin structure. Genes Dev. 6, 197–210.
[12] Cooper, J.P., Nimmo, E.R., Allshire, R.C. and Cech, T.R. (1997) Regulation of
telomere length and function by a Myb-domain protein in ﬁssion yeast.
Nature 385, 744–747.
[13] Conrad, M.N., Wright, J.H., Wolf, A.J. and Zakian, V.A. (1990) RAP1 protein
interacts with yeast telomeres in vivo: overproduction alters telomere
structure and decreases chromosome stability. Cell 63, 739–750.
[14] Blasco, M.A. (2007) The epigenetic regulation of mammalian telomeres. Nat.
Rev. Genet. 8, 299–309.
[15] Baur, J.A., Zou, Y., Shay, J.W. and Wright, W.E. (2001) Telomere position effect
in human cells. Science 292, 2075–2077.
[16] Koering, C.E. et al. (2002) Human telomeric position effect is determined by
chromosomal context and telomeric chromatin integrity. EMBO Rep. 3,
1055–1061.
[17] Blackburn, E. and Gall, J. (1978) A tandemly repeated sequence at the termini
of the extrachromosomal rRNA genes in Tetrahymena. J. Mol. Biol. 120, 33–53.
[18] Shampay, J., Szostak, J.W. and Blackburn, E.H. (1984) DNA sequences of
telomeres maintained in yeast. Nature 310, 154–157.
[19] Capper, R., Britt-Compton, B., Tankimanova, M., Rowson, J., Letsolo, B., Man,
S., Haughton, M. and Baird, D.M. (2007) The nature of telomere fusion and a
deﬁnition of the critical telomere length in human cells. Genes Dev. 21,
2495–2508.
[20] Baird, D.M., Rowson, J., Wynford-Thomas, D. and Kipling, D. (2003) Extensive
allelic variation and ultrashort telomeres in senescent human cells. Nat.
Genet. 21, 203–207.
[21] Xu, L. and Blackburn, E.H. (2007) Human cancer cells harbor T-stumps, a
distinct class of extremely short telomeres. Mol. Cell 28, 315–327.
[22] Raices, M., Verdun, R.E., Compton, S.A., Haggblom, C.I., Grifﬁth, J.D., Dillin, A.
and Karlseder, J. (2008) C. elegans telomeres contain G-strand and C-strand
overhangs that are bound by distinct proteins. Cell 132, 745–757.
[23] Cimino-Reale, G., Pascale, E., Alvino, E., Starace, G. and D’Ambrosio, E. (2003)
Long telomeric C-rich 50-tails in human replicating cells. J. Biol. Chem. 278,
2136–2140.
[24] Lam, Y.C. et al. (2010) SNMIB/Apollo protects leading-strand telomeres
against NHEJ-mediated repair. EMBO J. 29, 2230–2241.
[25] Marcand, S., Brevet, V., Mann, C. and Gilson, E. (2000) Cell cycle restriction of
telomere elongation. Curr. Biol. 10, 487–490.
[26] Makarov, V.L., Hirose, Y. and Langmore, J.P. (1997) Long G tails at both ends of
human chromosomes suggest a C strand degradation mechanism for
telomere shortening. Cell 88, 657–666.
[27] McElligott, R. and Wellinger, R.J. (1997) The terminal DNA structure of
mammalian chromosomes. EMBO J. 16, 3705–3714.
[28] Wright, W.E., Tesmer, V.M., Huffman, K.E., Levene, S.D. and Shay, J.W. (1997)
Normal human chromosomes have long G-rich telomeric overhangs at one
end. Genes Dev. 11, 2801–2809.
[29] Bonetti, D., Martina, M., Clerici, M., Lucchini, G. and Longhese, M.P. (2009)
Multiple pathways regulate 30 overhang generation at S. cerevisiae telomeres.
Mol. Cell 35, 70–81.
[30] Chai, W., Sfeir, A.J., Hoshiyama, H., Shay, J.W. and Wright, W.E. (2006) The
involvement of the Mre11/Rad50/Nbs1 complex in the generation of G-
overhangs at human telomeres. EMBO Rep. 7, 225–230.
[31] Wu, P., van Overbeek, M., Rooney, S. and de Lange, T. (2010). Apollo
Contributes to G Overhang Maintenance and Protects Leading-End
Telomeres. Mol. Cell. doi: 10.1016/j.molcel.2010.06.031.
[32] Sfeir, A.J., Chai,W., Shay, J.W. andWright,W.E. (2005) Telomere-end processing
the terminal nucleotides of human chromosomes. Mol. Cell 18, 131–138.
[33] Hockemeyer, D., Sfeir, A.J., Shay, J.W., Wright, W.E. and de Lange, T. (2005)
POT1 protects telomeres from a transient DNA damage response and
determines how human chromosomes end. EMBO J. 24, 2667–2678.
[34] Tomaska, L., Nosek, J., Kramara, J. and Grifﬁth, J.D. (2009) Telomeric circles:
universal players in telomere maintenance? Nat. Struct. Mol. Biol. 16, 1010–
1015.
[35] Zhu, X.D., Niedernhofer, L., Kuster, B., Mann, M., Hoeijmakers, J.H. and de
Lange, T. (2003) ERCC1/XPF removes the 30 overhang from uncapped
telomeres and represses formation of telomeric DNA-containing double
minute chromosomes. Mol. Cell 12, 1489–1498.
[36] Sundquist, W.I. and Klug, A. (1989) Telomeric DNA dimerizes by formation of
guanine tetrads between hairpin loops. Nature 342, 825–829.
[37] Burge, S., Parkinson, G.N., Hazel, P., Todd, A.K. and Neidle, S. (2006)
Quadruplex DNA: sequence, topology and structure. Nucleic Acids Res. 34,
5402–5415.
[38] Phan, A.T. (2010) Human telomeric G-quadruplex: structures of DNA and
RNA sequences. FEBS J. 277, 1107–1117.
[39] Lipps, H.J. and Rhodes, D. (2009) G-Quadruplex structures: in vivo evidence
and function. Trends Cell Biol. 19, 414–422.
[40] Neidle, S. (2010) Human telomeric G-quadruplex: the current status of
telomeric G-quadruplexes as therapeutic targets in human cancer. FEBS J.
277, 1118–1125.
[41] Paeschke, K., Simonsson, T., Postberg, J., Rhodes, D. and Lipps, H.J. (2005)
Telomere end-binding proteins control the formation of G-quadruplex DNA
structures in vivo. Nat. Struct. Mol. Biol. 12, 847–854.
[42] Schafﬁtzel, C., Berger, I., Postberg, J., Hanes, J., Lipps, H.J. and Pluckthun, A.
(2001) In vitro generated antibodies speciﬁc for telomeric guanine-
quadruplex DNA react with Stylonychia lemnae macronuclei. Proc. Natl.
Acad. Sci. USA 98, 8572–8577.[43] Granotier, C. et al. (2005) Preferential binding of a G-quadruplex ligand to
human chromosome ends. Nucleic Acids Res. 33, 4182–4190.
[44] Burger, A.M., Dai, F., Schultes, C.M., Reszka, A.P., Moore, M.J., Double, J.A. and
Neidle, S. (2005) The G-quadruplex-interactive molecule BRACO-19 inhibits
tumor growth, consistent with telomere targeting and interference with
telomerase function. Cancer Res. 65, 1489–1496.
[45] Gomez, D. et al. (2006) The G-quadruplex ligand telomestatin inhibits POT1
binding to telomeric sequences in vitro and induces GFP-POT1 dissociation
from telomeres in human cells. Cancer Res. 66, 6908–6912.
[46] Rizzo, A. et al. (2009) Stabilization of quadruplex DNA perturbs telomere
replication leading to the activation of an ATR-dependent ATM signaling
pathway. Nucleic Acids Res. 37, 5353–5364.
[47] Salvati, E. et al. (2007) Telomere damage induced by the G-quadruplex ligand
RHPS4 has an antitumor effect. J. Clin. Invest. 117, 3236–3247.
[48] Gilson, E., Roberge, M., Giraldo, R., Rhodes, D. and Gasser, S.M. (1993)
Distortion of the DNA double helix by RAP1 at silencers and multiple
telomeric binding sites. J. Mol. Biol. 231, 293–310.
[49] Muller, T., Gilson, E., Schmidt, R., Giraldo, R., Sogo, J., Gross, H. and Gasser,
S.M. (1994) Imaging the asymmetrical DNA bend induced by repressor
activator protein 1 with scanning tunneling microscopy. J. Struct. Biol. 113,
1–12.
[50] Giraldo, R. and Rhodes, D. (1994) The yeast telomere-binding protein RAP1
binds to and promotes the formation of DNA quadruplexes in telomeric DNA.
EMBO J. 13, 2411–2420.
[51] Giraldo, R., Suzuki, M., Chapman, L. and Rhodes, D. (1994) Promotion of
parallel DNA quadruplexes by a yeast telomere binding protein: a circular
dichroism study. Proc. Natl. Acad. Sci. USA 91, 7658–7662.
[52] Fang, G. and Cech, T.R. (1993) The beta subunit of Oxytricha telomere-
binding protein promotes G-quartet formation by telomeric DNA. Cell 74,
875–885.
[53] Pedroso, I.M., Hayward, W. and Fletcher, T.M. (2009) The effect of the TRF2 N-
terminal and TRFH regions on telomeric G-quadruplex structures. Nucleic
Acids Res. 37, 1541–1554.
[54] Torigoe, H. and Furukawa, A. (2007) Tetraplex structure of ﬁssion yeast
telomeric DNA and unfolding of the tetraplex on the interaction with
telomeric DNA binding protein Pot1. J. Biochem. 141, 57–68.
[55] Zaug, A.J., Podell, E.R. and Cech, T.R. (2005) Human POT1 disrupts telomeric
G-quadruplexes allowing telomerase extension in vitro. Proc. Natl. Acad. Sci.
USA 102, 10864–10869.
[56] Huber, M.D., Lee, D.C. and Maizels, N. (2002) G4 DNA unwinding by BLM and
Sgs1p: substrate speciﬁcity and substrate-speciﬁc inhibition. Nucleic Acids
Res. 30, 3954–3961.
[57] Ribeyre, C., Lopes, J., Boule, J.B., Piazza, A., Guedin, A., Zakian, V.A., Mergny, J.L.
and Nicolas, A. (2009) The yeast Pif1 helicase prevents genomic instability
caused by G-quadruplex-forming CEB1 sequences in vivo. PLoS Genet. 5,
e1000475.
[58] Sanders, C.M. (2010) Human Pif1 helicase is a G-quadruplex DNA
binding protein with G-quadruplex DNA unwinding activity. Biochem. J. 28,
119–128.
[59] Sun, H., Karow, J.K., Hickson, I.D. and Maizels, N. (1998) The Bloom’s
syndrome helicase unwinds G4 DNA. J. Biol. Chem. 273, 27587–27592.
[60] Zhang, M.L. et al. (2010) Yeast telomerase subunit Est1p has guanine
quadruplex-promoting activity that is required for telomere elongation. Nat.
Struct. Mol. Biol. 17, 202–209.
[61] Crabbe, L., Verdun, R.E., Haggblom, C.I. and Karlseder, J. (2004) Defective
telomere lagging strand synthesis in cells lacking WRN helicase activity.
Science 306, 1951–1953.
[62] Duquette, M.L., Handa, P., Vincent, J.A., Taylor, A.F. and Maizels, N. (2004)
Intracellular transcription of G-rich DNAs induces formation of G-loops,
novel structures containing G4 DNA. Genes Dev. 18, 1618–1629.
[63] Amiard, S. et al. (2007) A topological mechanism for TRF2-enhanced strand
invasion. Nat. Struct. Mol. Biol. 14, 147–154.
[64] Budarf, M. and Blackburn, E. (1987) S1 Nuclease sensitivity of a double-
stranded telomeric DNA sequence. Nucleic Acids Res. 15, 6273–6292.
[65] Voloshin, O.N., Veselkov, A.G., Belotserkovskii, B.P., Danilevskaya, O.N.,
Pavlova, M.N., Dobrynin, V.N. and Frank-Kamenetskii, M.D. (1992) An
eclectic DNA structure adopted by human telomeric sequence under
superhelical stress and low pH. J. Biomol. Struct. Dyn. 9, 643–652.
[66] Lyamichev, V.I., Mirkin, S.M., Danilevskaya, O.N., Voloshin, O.N., Balatskaya,
S.V., Dobrynin, V.N., Filippov, S.A. and Frank-Kamenetskii, M.D. (1989) An
unusual DNA structure detected in a telomeric sequence under superhelical
stress and at low pH. Nature 339, 634–637.
[67] Belotserkovskii, B.P., Krasilnikova, M.M., Veselkov, A.G. and Frank-
Kamenetskii, M.D. (1992) Kinetic trapping of H-DNA by oligonucleotide
binding. Nucleic Acids Res. 20, 1903–1908.
[68] Phan, A.T. and Mergny, J.L. (2002) Human telomeric DNA: G-quadruplex, i-
motif and Watson-Crick double helix. Nucleic Acids Res. 30, 4618–4625.
[69] Nergadze, S.G., Farnung, B.O., Wischnewski, H., Khoriauli, L., Vitelli, V.,
Chawla, R., Giulotto, E. and Azzalin, C.M. (2009) CpG-island promoters drive
transcription of human telomeres. RNA 15, 2186–2194.
[70] Kimura, T., Xu, Y. and Komiyama, M. (2009) Human telomeric RNA
r(UAGGGU) sequence forms parallel tetraplex structure with U-quartet.
Nucleic Acids Symp. Ser. (Oxf) 239, 40.
[71] Randall, A. and Grifﬁth, J.D. (2009) Structure of long telomeric RNA
transcripts: the G-rich RNA forms a compact repeating structure containing
G-quartets. J. Biol. Chem. 284, 13980–13986.
3796 M.-J. Giraud-Panis et al. / FEBS Letters 584 (2010) 3785–3799[72] Deng, Z., Norseen, J., Wiedmer, A., Riethman, H. and Lieberman, P.M. (2009)
TERRA RNA binding to TRF2 facilitates heterochromatin formation and ORC
recruitment at telomeres. Mol. Cell 35, 403–413.
[73] Xu, Y., Kimura, T. and Komiyama, M. (2008) Human telomere RNA and DNA
form an intermolecular G-quadruplex. Nucleic Acids Symp. Ser. (Oxf) 169, 70.
[74] Luke, B. and Lingner, J. (2009) TERRA: telomeric repeat-containing RNA.
EMBO J. 28, 2503–2510.
[75] Redon, S., Reichenbach, P. and Lingner, J. (in press). The non-coding RNA
TERRA is a natural ligand and direct inhibitor of human telomerase. Nucleic
Acids Res.
[76] Tomaska, L., Willcox, S., Slezakova, J., Nosek, J. and Grifﬁth, J.D. (2004) Taz1
binding to a ﬁssion yeast model telomere: formation of telomeric loops and
higher order structures. J. Biol. Chem. 279, 50764–50772.
[77] Palm, W. and de Lange, T. (2008) How shelterin protects mammalian
telomeres. Annu. Rev. Genet. 42, 301–334.
[78] Stansel, R.M., de Lange, T. and Grifﬁth, J.D. (2001) T-Loop assembly in vitro
involves binding of TRF2 near the 30 telomeric overhang. EMBO J. 20, 5532–
5540.
[79] Yoshimura, S.H., Maruyama, H., Ishikawa, F., Ohki, R. and Takeyasu, K. (2004)
Molecular mechanisms of DNA end-loop formation by TRF2. Genes Cells 9,
205–218.
[80] Verdun, R.E. and Karlseder, J. (2006) The DNA damage machinery and
homologous recombination pathway act consecutively to protect human
telomeres. Cell 127, 709–720.
[81] Wang, R.C., Smogorzewska, A. and de Lange, T. (2004) Homologous
recombination generates T-loop-sized deletions at human telomeres. Cell
119, 355–368.
[82] Compton, S.A., Choi, J.H., Cesare, A.J., Ozgur, S. and Grifﬁth, J.D. (2007) Xrcc3
and Nbs1 are required for the production of extrachromosomal telomeric
circles in human alternative lengthening of telomere cells. Cancer Res. 67,
1513–1519.
[83] Poulet, A. et al. (2009) TRF2 promotes, remodels and protects telomeric
Holliday junctions. EMBO J. 28, 641–651.
[84] Basenko, E.Y., Cesare, A.J., Iyer, S., Grifﬁth, J.D. and McEachern, M.J. (2010)
Telomeric circles are abundant in the stn1–M1 mutant that maintains its
telomeres through recombination. Nucleic Acids Res. 38, 182–189.
[85] Henson, J.D., Cao, Y., Huschtscha, L.I., Chang, A.C., Au, A.Y., Pickett, H.A. and
Reddel, R.R. (2009) DNA C-circles are speciﬁc and quantiﬁable markers of
alternative-lengthening-of-telomeres activity. Nat. Biotechnol. 27, 1181–1185.
[86] Nabetani, A. and Ishikawa, F. (2009) Unusual telomeric DNAs in human
telomerase-negative immortalized cells. Mol. Cell Biol. 29, 703–713.
[87] Dejardin, J. and Kingston, R.E. (2009) Puriﬁcation of proteins associated with
speciﬁc genomic Loci. Cell 136, 175–186.
[88] Liu, D., O’Connor, M.S., Qin, J. and Songyang, Z. (2004) Telosome, a
mammalian telomere-associated complex formed by multiple telomeric
proteins. J. Biol. Chem. 279, 51338–51342.
[89] Baumann, P. and Cech, T.R. (2001) Pot1, the putative telomere end-binding
protein in ﬁssion yeast and humans. Science 292, 1171–1175.
[90] Bilaud, T., Brun, C., Ancelin, K., Koering, C.E., Laroche, T. and Gilson, E. (1997)
Telomeric localization of TRF2, a novel human telobox protein. Nat. Genet.
17, 236–239.
[91] Bilaud, T., Koering, C.E., Binet-Brasselet, E., Ancelin, K., Pollice, A., Gasser, S.M.
and Gilson, E. (1996) The telobox, a Myb-related telomeric DNA binding
motif found in proteins from yeast, plants and human. Nucleic Acids Res. 24,
1294–1303.
[92] Broccoli, D., Smogorzewska, A., Chong, L. and de Lange, T. (1997) Human
telomeres contain two distinct Myb-related proteins, TRF1 and TRF2. Nat.
Genet. 17, 231–235.
[93] Chong, L., van Steensel, B., Broccoli, D., Erdjument-Bromage, H., Hanish, J.,
Tempst, P. and de Lange, T. (1995) A human telomeric protein. Science 270,
1663–1667.
[94] Kim, S.H. et al. (2008) Telomere dysfunction and cell survival: roles for
distinct TIN2-containing complexes. J. Cell Biol. 181, 447–460.
[95] Takai, K.K., Hooper, S., Blackwood, S., Gandhi, R. and de Lange, T. (2010) In
vivo stoichiometry of shelterin components. J. Biol. Chem. 285, 1457–1467.
[96] Miyoshi, T., Kanoh, J., Saito, M. and Ishikawa, F. (2008) Fission yeast Pot1-
Tpp1 protects telomeres and regulates telomere length. Science 320, 1341–
1344.
[97] Moser, B.A. and Nakamura, T.M. (2009) Protection and replication of
telomeres in ﬁssion yeast. Biochem. Cell Biol. 87, 747–758.
[98] Teixeira, M.T. and Gilson, E. (2005) Telomere maintenance, function and
evolution: the yeast paradigm. Chromosome Res. 13, 535–548.
[99] Mattern, K.A., Swiggers, S.J., Nigg, A.L., Lowenberg, B., Houtsmuller, A.B. and
Zijlmans, J.M. (2004) Dynamics of protein binding to telomeres in living cells:
implications for telomere structure and function. Mol. Cell Biol. 24, 5587–
5594.
[100] Martin, V., Du, L.L., Rozenzhak, S. and Russell, P. (2007) Protection of
telomeres by a conserved Stn1-Ten1 complex. Proc. Natl. Acad. Sci. USA 104,
14038–14043.
[101] Miyake, Y., Nakamura, M., Nabetani, A., Shimamura, S., Tamura, M., Yonehara,
S., Saito, M. and Ishikawa, F. (2009) RPA-like mammalian Ctc1-Stn1-Ten1
complex binds to single-stranded DNA and protects telomeres independently
of the Pot1 pathway. Mol. Cell 36, 193–206.
[102] Song, X., Leehy, K., Warrington, R.T., Lamb, J.C., Surovtseva, Y.V. and Shippen,
D.E. (2008) STN1 protects chromosome ends in Arabidopsis thaliana. Proc.
Natl. Acad. Sci. USA 105, 19815–19820.[103] Wan, M., Qin, J., Songyang, Z. and Liu, D. (2009) OB fold-containing protein 1
(OBFC1), a human homolog of yeast Stn1, associates with TPP1 and is
implicated in telomere length regulation. J. Biol. Chem. 284, 26725–26731.
[104] Wright, J.H., Gottschling, D.E. and Zakian, V.A. (1992) Saccharomyces
telomeres assume a non-nucleosomal chromatin structure. Genes Dev. 6,
197–210.
[105] Cooper, J.P., Watanabe, Y. and Nurse, P. (1998) Fission yeast Taz1 protein is
required for meiotic telomere clustering and recombination. Nature 392,
828–831.
[106] Makarov, V.L., Lejnine, S., Bedoyan, J. and Langmore, J.P. (1993) Nucleosomal
organization of telomere-speciﬁc chromatin in rat. Cell 73, 775–787.
[107] Tommerup, H., Dousmanis, A. and de Lange, T. (1994) Unusual chromatin in
human telomeres. Mol. Cell Biol. 14, 5777–5785.
[108] Goldberg, A.D. et al. (2010) Distinct factors control histone variant H3.3
localization at speciﬁc genomic regions. Cell 140, 678–691.
[109] Wong, L.H. et al. (2010) ATRX interacts with H3.3 in maintaining telomere
structural integrity in pluripotent embryonic stem cells. Genome Res. 20,
351–360.
[110] Pisano, S., Marchioni, E., Galati, A., Mechelli, R., Savino, M. and Cacchione, S.
(2007) Telomeric nucleosomes are intrinsically mobile. J. Mol. Biol. 369,
1153–1162.
[111] Benetti, R., Schoeftner, S., Munoz, P. and Blasco, M.A. (2008) Role of TRF2 in
the assembly of telomeric chromatin. Cell Cycle 7, 3461–3468.
[112] Pisano, S., Leoni, D., Galati, A., Rhodes, D., Savino, M. and Cacchione, S. (2010)
The human telomeric protein hTRF1 induces telomere-speciﬁc nucleosome
mobility. Nucleic Acids Res. 38, 2247–2255.
[113] Wu, P. and de Lange, T. (2008) No overt nucleosome eviction at deprotected
telomeres. Mol. Cell Biol. 28, 5724–5735.
[114] Bochkarev, A. and Bochkareva, E. (2004) From RPA to BRCA2: lessons from
single-stranded DNA binding by the OB-fold. Curr. Opin. Struct. Biol. 14, 36–
42.
[115] Croy, J.E. and Wuttke, D.S. (2006) Themes in ssDNA recognition by telomere-
end protection proteins. Trends Biochem. Sci. 31, 516–525.
[116] Gelinas, A.D., Paschini, M., Reyes, F.E., Heroux, A., Batey, R.T., Lundblad, V. and
Wuttke, D.S. (2009) Telomere capping proteins are structurally related to
RPA with an additional telomere-speciﬁc domain. Proc. Natl. Acad. Sci. USA
106, 19298–19303.
[117] Sun, J., Yu, E.Y., Yang, Y., Confer, L.A., Sun, S.H., Wan, K., Lue, N.F. and Lei, M.
(2009) Stn1-Ten1 is an Rpa2-Rpa3-like complex at telomeres. Genes Dev. 23,
2900–2914.
[118] Eldridge, A.M. andWuttke, D.S. (2008) Probing the mechanism of recognition
of ssDNA by the Cdc13-DBD. Nucleic Acids Res. 36, 1624–1633.
[119] Horvath, M.P., Schweiker, V.L., Bevilacqua, J.M., Ruggles, J.A. and Schultz, S.C.
(1998) Crystal structure of the Oxytricha nova telomere end binding protein
complexed with single strand DNA. Cell 95, 963–974.
[120] Lei, M., Podell, E.R. and Cech, T.R. (2004) Structure of human POT1 bound to
telomeric single-stranded DNA provides a model for chromosome end-
protection. Nat. Struct. Mol. Biol. 11, 1223–1229.
[121] Wang, F., Podell, E.R., Zaug, A.J., Yang, Y., Baciu, P., Cech, T.R. and Lei, M.
(2007) The POT1-TPP1 telomere complex is a telomerase processivity factor.
Nature 445, 506–510.
[122] Lei, M., Podell, E.R., Baumann, P. and Cech, T.R. (2003) DNA self-recognition in
the structure of Pot1 bound to telomeric single-stranded DNA. Nature 426,
198–203.
[123] Mitton-Fry, R.M., Anderson, E.M., Hughes, T.R., Lundblad, V. and Wuttke, D.S.
(2002) Conserved structure for single-stranded telomeric DNA recognition.
Science 296, 145–147.
[124] Theobald, D.L. and Schultz, S.C. (2003) Nucleotide shufﬂing and ssDNA
recognition in Oxytricha nova telomere end-binding protein complexes.
EMBO J. 22, 4314–4324.
[125] Nandakumar, J., Podell, E.R. and Cech, T.R. (2010) How telomeric protein
POT1 avoids RNA to achieve speciﬁcity for single-stranded DNA. Proc. Natl.
Acad. Sci. USA 107, 651–656.
[126] Gao, H., Cervantes, R.B., Mandell, E.K., Otero, J.H. and Lundblad, V. (2007)
RPA-like proteins mediate yeast telomere function. Nat. Struct. Mol. Biol. 14,
208–214.
[127] Bochkareva, E., Korolev, S., Lees-Miller, S.P. and Bochkarev, A. (2002)
Structure of the RPA trimerization core and its role in the multistep DNA-
binding mechanism of RPA. EMBO J. 21, 1855–1863.
[128] Gough, J., Karplus, K., Hughey, R. and Chothia, C. (2001) Assignment of
homology to genome sequences using a library of hidden Markov
models that represent all proteins of known structure. J. Mol. Biol. 313,
903–919.
[129] Wolberger, C. (1996) Homeodomain interactions. Curr. Opin. Struct. Biol. 6,
62–68.
[130] Boyer, L.A., Latek, R.R. and Peterson, C.L. (2004) The SANT domain: a unique
histone-tail-binding module? Nat. Rev. Mol. Cell Biol. 5, 158–163.
[131] Ogata, K. et al. (1994) Solution structure of a speciﬁc DNA complex of the
Myb DNA-binding domain with cooperative recognition helices. Cell 79,
639–648.
[132] Court, R., Chapman, L., Fairall, L. and Rhodes, D. (2005) How the human
telomeric proteins TRF1 and TRF2 recognize telomeric DNA: a view from
high-resolution crystal structures. EMBO Rep. 6, 39–45.
[133] Hanaoka, S., Nagadoi, A. and Nishimura, Y. (2005) Comparison between TRF2
and TRF1 of their telomeric DNA-bound structures and DNA-binding
activities. Protein Sci. 14, 119–130.
M.-J. Giraud-Panis et al. / FEBS Letters 584 (2010) 3785–3799 3797[134] Nishikawa, T., Okamura, H., Nagadoi, A., Koig, P., Rhodes, D. and Nishimura, Y.
(2001) Structure of the DNA-binding domain of human telomeric
protein, TRF1 and its interaction with telomeric DNA. Nucleic Acids Res.
Suppl. 273, 4.
[135] Brun, C., Marcand, S. and Gilson, E. (1997) Proteins that bind to double-
stranded regions of telomeric DNA. Trends Cell Biol. 7, 317–324.
[136] Bianchi, A., Smith, S., Chong, L., Elias, P. and de Lange, T. (1997) TRF1 is a
dimer and bends telomeric DNA. EMBO J. 16, 1785–1794.
[137] Fairall, L., Chapman, L., Moss, H., de Lange, T. and Rhodes, D. (2001) Structure
of the TRFH dimerization domain of the human telomeric proteins TRF1 and
TRF2. Mol. Cell 8, 351–361.
[138] Mozgova, I., Schrumpfova, P.P., Hofr, C. and Fajkus, J. (2008) Functional
characterization of domains in AtTRB1, a putative telomere-binding protein
in Arabidopsis thaliana. Phytochemistry 69, 1814–1819.
[139] Graham, I.R., Haw, R.A., Spink, K.G., Halden, K.A. and Chambers, A. (1999) In
vivo analysis of functional regions within yeast Rap1p. Mol. Cell. Biol. 19,
7481–7490.
[140] Hanaoka, S., Nagadoi, A., Yoshimura, S., Aimoto, S., Li, B., de Lange, T. and
Nishimura, Y. (2001) NMR structure of the hRap1 Myb motif reveals a
canonical three-helix bundle lacking the positive surface charge typical of
Myb DNA-binding domains. J. Mol. Biol. 312, 167–175.
[141] Li, B., Oestreich, S. and de Lange, T. (2000) Identiﬁcation of human Rap1:
implications for telomere evolution. Cell 101, 471–483.
[142] Chikashige, Y. and Hiraoka, Y. (2001) Telomere binding of the Rap1 protein is
required for meiosis in ﬁssion yeast. Curr. Biol. 11, 1618–1623.
[143] Konig, P., Giraldo, R., Chapman, L. and Rhodes, D. (1996) The crystal structure
of the DNA-binding domain of yeast RAP1 in complex with telomeric DNA.
Cell 85, 125–136.
[144] Taylor, H.O., O’Reilly, M., Leslie, A.G. and Rhodes, D. (2000) How the
multifunctional yeast Rap1p discriminates between DNA target sites: a
crystallographic analysis. J. Mol. Biol. 303, 693–707.
[145] Gilson, E., Roberge, M., Giraldo, R., Rhodes, D. and Gasser, S.M. (1993)
Distortion of the DNA double helix by RAP1 at silencers and multiple
telomeric binding sites. J. Mol. Biol. 231, 293–310.
[146] Vignais, M.L. and Sentenac, A. (1989) Asymmetric DNA bending induced by
the yeast multifunctional factor TUF. J. Biol. Chem. 264, 8463–8466.
[147] Ko, S. et al. (2009) Solution structure of the DNA binding domain of rice
telomere binding protein RTBP1. Biochemistry 48, 827–838.
[148] Muller, T., Gilson, E., Schmidt, R., Giraldo, R., Sogo, J., Gross, H. and Gasser,
S.M. (1994) Imaging the asymmetrical DNA bend induced by repressor
activator protein 1 with scanning tunneling microscopy. J. Struct. Biol. 113,
1–12.
[149] Fouché, N., Cesare, A.J., Willcox, S., Ozgur, S., Compton, S.A. and Grifﬁth, J.D.
(2006) The basic domain of TRF2 directs binding to DNA junctions
irrespective of the presence of TTAGGG repeats. J. Biol. Chem. 281, 37486–
37495.
[150] Nora, G.J., Buncher, N.A. and Opresko, P.L. (2010) Telomeric protein TRF2
protects Holliday junctions with telomeric arms from displacement by the
Werner syndrome helicase. Nucleic Acids Res. 38, 3984–3998.
[151] Khan, S.J., Yanez, G., Seldeen, K., Wang, H., Lindsay, S.M. and Fletcher, T.M.
(2007) Interactions of TRF2 with model telomeric ends. Biochem. Biophys.
Res. Commun. 363, 44–50.
[152] Deng, Z., Dheekollu, J., Broccoli, D., Dutta, A. and Lieberman, P.M. (2007) The
origin recognition complex localizes to telomere repeats and prevents
telomere-circle formation. Curr. Biol. 17, 1989–1995.
[153] Li, B., Jog, S.P., Reddy, S. and Comai, L. (2008) WRN controls formation of
extrachromosomal telomeric circles and is required for TRF2DeltaB-
mediated telomere shortening. Mol. Cell. Biol. 28, 1892–1904.
[154] Mitchell, T.R., Glenﬁeld, K., Jeyanthan, K. and Zhu, X.D. (2009) Arginine
methylation regulates telomere length and stability. Mol. Cell. Biol. 29,
4918–4934.
[155] Zhou, J., Deng, Z., Norseen, J. and Lieberman, P.M. (2010) Regulation of
Epstein-Barr virus origin of plasmid replication (OriP) by the S-phase
checkpoint kinase Chk2. J. Virol. 84, 4979–4987.
[156] Grifﬁth, J., Bianchi, A. and de Lange, T. (1998) TRF1 promotes parallel pairing
of telomeric tracts in vitro. J. Mol. Biol. 278, 79–88.
[157] Bianchi, A., Stansel, R.M., Fairall, L., Grifﬁth, J.D., Rhodes, D. and de Lange, T.
(1999) TRF1 binds a bipartite telomeric site with extreme spatial ﬂexibility.
EMBO J. 18, 5735–5744.
[158] Nitiss, J.L. (2009) DNA topoisomerase II and its growing repertoire of
biological functions. Nat. Rev. Cancer 9, 327–337.
[159] Ye, J. et al. (2010) TRF2 and Apollo cooperate with Topoisomerase 2alpha to
protect human telomere from replicative damage. Cell 142, 230–242.
[160] Gilson, E., Muller, T., Sogo, J., Laroche, T. and Gasser, S.M. (1994) RAP1
stimulates single- to double-strand association of yeast telomeric DNA:
implications for telomere-telomere interactions. Nucleic Acids Res. 22,
5310–5320.
[161] Miller, K.M. and Cooper, J.P. (2003) The telomere protein Taz1 is required to
prevent and repair genomic DNA breaks. Mol. Cell 11, 303–313.
[162] Germe, T., Miller, K. and Cooper, J.P. (2009) A non-canonical function of
topoisomerase II in disentangling dysfunctional telomeres. EMBO J. 28,
2803–2811.
[163] Gilson, E., Laroche, T. and Gasser, S.M. (1993) Telomeres and the functional
architecture of the nucleus. Trends Cell Biol. 3, 128–134.
[164] Scherthan, H. (2007) Telomere attachment and clustering during meiosis.
Cell. Mol. Life Sci. 64, 117–124.[165] Gotta, M., Laroche, T., Formenton, A., Maillet, L., Scherthan, H. and Gasser,
S.M. (1996) The clustering of telomeres and colocalization with Rap1, Sir3,
and Sir4 proteins in wild-type Saccharomyces cerevisiae. J. Cell Biol. 134,
1349–1363.
[166] Maillet, L., Boscheron, C., Gotta, M., Marcand, S., Gilson, E. and Gasser, S.M.
(1996) Evidence for silencing compartments within the yeast nucleus: a role
for telomere proximity and Sir protein concentration in silencer-mediated
repression. Genes Dev. 10, 1796–1811.
[167] Taddei, A., Gartenberg, M.R., Neumann, F.R., Hediger, F. and Gasser, S.M.
(2005). Multiple pathways tether telomeres and silent chromatin at the
nuclear periphery: functional implications for sir-mediated repression.
Novartis Found Symp. 264, 140–156; discussion 156–165, 227–230.
[168] Freitas-Junior, L.H. et al. (2000) Frequent ectopic recombination of virulence
factor genes in telomeric chromosome clusters of P. falciparum. Nature 407,
1018–1022.
[169] Rawlins, D.J. and Shaw, P.J. (1990) Localization of ribosomal and telomeric
DNA sequences in intact plant nuclei by in-situ hybridization and three-
dimensional optical microscopy. J. Microsc. 157, 83–89.
[170] Fransz, P., De Jong, J.H., Lysak, M., Castiglione, M.R. and Schubert, I. (2002)
Interphase chromosomes in Arabidopsis are organized as well deﬁned
chromocenters from which euchromatin loops emanate. Proc. Natl. Acad.
Sci. USA 99, 14584–14589.
[171] Luderus, M.E., van Steensel, B., Chong, L., Sibon, O.C., Cremers, F.F. and de
Lange, T. (1996) Structure, subnuclear distribution, and nuclear matrix
association of the mammalian telomeric complex. J. Cell Biol. 135, 867–881.
[172] Zalenskaya, I.A., Bradbury, E.M. and Zalensky, A.O. (2000) Chromatin
structure of telomere domain in human sperm. Biochem. Biophys. Res.
Commun. 279, 213–218.
[173] Ottaviani, A., Schluth-Bolard, C., Rival-Gervier, S., Boussouar, A., Rondier, D.,
Foerster, A.M., Morere, J., Bauwens, S., Gazzo, S., Callet-Bauchu, E., Gilson, E.
and Magdinier, F. (2009) Identiﬁcation of a perinuclear positioning element
in human subtelomeres that requires A-type lamins and CTCF. EMBO J. 28,
2428–2436.
[174] Bystricky, K., Laroche, T., van Houwe, G., Blaszczyk, M. and Gasser, S.M.
(2005) Chromosome looping in yeast: telomere pairing and coordinated
movement reﬂect anchoring efﬁciency and territorial organization. J. Cell
Biol. 168, 375–387.
[175] Heun, P., Laroche, T., Shimada, K., Furrer, P. and Gasser, S.M. (2001)
Chromosome dynamics in the yeast interphase nucleus. Science 294,
2181–2186.
[176] De Vos, W.H., Hoebe, R.A., Joss, G.H., Haffmans, W., Baatout, S., Van Oostveldt,
P. and Manders, E.M. (2009) Controlled light exposure microscopy reveals
dynamic telomere microterritories throughout the cell cycle. Cytometry A
75, 428–439.
[177] Molenaar, C., Wiesmeijer, K., Verwoerd, N.P., Khazen, S., Eils, R., Tanke, H.J.
and Dirks, R.W. (2003) Visualizing telomere dynamics in living mammalian
cells using PNA probes. EMBO J. 22, 6631–6641.
[178] Wang, X., Kam, Z., Carlton, P.M., Xu, L., Sedat, J.W. and Blackburn, E.H. (2008)
Rapid telomere motions in live human cells analyzed by highly time-
resolved microscopy. Epigenetics Chromatin 1, 4.
[179] Flory, M.R., Carson, A.R., Muller, E.G. and Aebersold, R. (2004) An SMC-
domain protein in ﬁssion yeast links telomeres to the meiotic centrosome.
Mol. Cell 16, 619–630.
[180] Kanoh, J. and Ishikawa, F. (2001) SpRap1 and spRif1, recruited to telomeres
by Taz1, are essential for telomere function in ﬁssion yeast. Curr. Biol. 11,
1624–1630.
[181] Dechat, T. et al. (2004) LAP2alpha and BAF transiently localize to telomeres
and speciﬁc regions on chromatin during nuclear assembly. J. Cell Sci. 117,
6117–6128.
[182] De Vos, W.H. et al. (2010) Increased plasticity of the nuclear envelope and
hypermobility of telomeres due to the loss of A-type lamins. Biochim.
Biophys. Acta 1800, 448–458.
[183] Gonzalez-Suarez, I. et al. (2009) Novel roles for A-type lamins in telomere
biology and the DNA damage response pathway. EMBO J. 28, 2414–2427.
[184] Haque, F., Mazzeo, D., Patel, J.T., Smallwood, D.T., Ellis, J.A., Shanahan, C.M.
and Shackleton, S. (2010) Mammalian SUN protein interaction networks at
the inner nuclear membrane and their role in laminopathy disease processes.
J. Biol. Chem. 285, 3487–3498.
[185] Ottaviani, A., Gilson, E. and Magdinier, F. (2008) Telomeric position effect:
from the yeast paradigm to human pathologies? Biochimie 90, 93–107.
[186] Arnoult, N. et al. (2010) Replication timing of human telomeres is
chromosome arm-speciﬁc, inﬂuenced by subtelomeric structures and
connected to nuclear localization. PLoS Genet. 6, e1000920.
[187] Dimitrova, N., Chen, Y.C., Spector, D.L. and de Lange, T. (2008) 53BP1
promotes non-homologous end joining of telomeres by increasing chromatin
mobility. Nature 456, 524–528.
[188] Luu, K.N., Phan, A.T., Kuryavyi, V., Lacroix, L. and Patel, D.J. (2006) Structure of
the human telomere in K+ solution: an intramolecular (3+1) G-quadruplex
scaffold. J. Am. Chem. Soc. 128, 9963–9970.
[189] Mitton-Fry, R.M., Anderson, E.M., Theobald, D.L., Glustrom, L.W. and Wuttke,
D.S. (2004) Structural basis for telomeric single-stranded DNA recognition by
yeast Cdc13. J. Mol. Biol. 338, 241–255.
[190] Sue, S.C., Hsiao, H.H., Chung, B.C., Cheng, Y.H., Hsueh, K.L., Chen, C.M., Ho, C.H.
and Huang, T.H. (2006) Solution structure of the Arabidopsis thaliana
telomeric repeat-binding protein DNA binding domain: a new fold with an
additional C-terminal helix. J. Mol. Biol. 356, 72–85.
3798 M.-J. Giraud-Panis et al. / FEBS Letters 584 (2010) 3785–3799[191] Ko, S. et al. (2008) Structure of the DNA-binding domain of NgTRF1 reveals
unique features of plant telomere-binding proteins. Nucleic Acids Res. 36,
2739–2755.
[192] Opresko, P.L. et al. (2004) The Werner syndrome helicase and exonuclease
cooperate to resolve telomeric D loops in a manner regulated by TRF1 and
TRF2. Mol. Cell 14, 763–774.
[193] Nosaka, K., Kawahara, M., Masuda, M., Satomi, Y. and Nishino, H. (1998)
Association of nucleoside diphosphate kinase nm23-H2 with human
telomeres. Biochem. Biophys. Res. Commun. 243, 342–348.
[194] Netzer, C., Rieger, L., Brero, A., Zhang, C.D., Hinzke, M., Kohlhase, J. and
Bohlander, S.K. (2001) SALL1, the gene mutated in Townes-Brocks syndrome,
encodes a transcriptional repressor which interacts with TRF1/PIN2 and
localizes to pericentromeric heterochromatin. Hum. Mol. Genet. 10, 3017–
3024.
[195] Xin, H., Liu, D. and Songyang, Z. (2008) The telosome/shelterin complex and
its functions. Genome Biol. 9, 232.1–232.7.
[196] Lillard-Wetherell, K. et al. (2004) Association and regulation of the BLM
helicase by the telomere proteins TRF1 and TRF2. Hum. Mol. Genet. 13,
1919–1932.
[197] Yu, J. et al. (2010) PML3 interacts with TRF1 and is essential for ALT-
associated PML bodies assembly in U2OS cells. Cancer Lett. 291, 177–186.
[198] Canudas, S., Houghtaling, B.R., Kim, J.Y., Dynek, J.N., Chang, W.G. and Smith, S.
(2007) Protein requirements for sister telomere association in human cells.
EMBO J. 26, 4867–4878.
[199] Munoz, P., Blanco, R., de Carcer, G., Schoeftner, S., Benetti, R., Flores, J.M.,
Malumbres, M. and Blasco, M.A. (2009) TRF1 controls telomere length and
mitotic ﬁdelity in epithelial homeostasis. Mol. Cell. Biol. 29, 1608–1625.
[200] Martinez, P. et al. (2009) Increased telomere fragility and fusions resulting
from TRF1 deﬁciency lead to degenerative pathologies and increased cancer
in mice. Genes Dev. 23, 2060–2075.
[201] Nakamura, M., Zhou, X.Z., Kishi, S., Kosugi, I., Tsutsui, Y. and Lu, K.P. (2001) A
speciﬁc interaction between the telomeric protein Pin2/TRF1 and the mitotic
spindle. Curr. Biol. 11, 1512–1516.
[202] Ohishi, T., Hirota, T., Tsuruo, T. and Seimiya, H. (2010) TRF1 mediates mitotic
abnormalities induced by Aurora-A overexpression. Cancer Res. 70, 2041–
2052.
[203] Yanez, G.H., Khan, S.J., Locovei, A.M., Pedroso, I.M. and Fletcher, T.M. (2005)
DNA structure-dependent recruitment of telomeric proteins to single-
stranded/double-stranded DNA junctions. Biochem. Biophys. Res. Commun.
328, 49–56.
[204] Bradshaw, P.S., Stavropoulos, D.J. and Meyn, M.S. (2005) Human telomeric
protein TRF2 associates with genomic double-strand breaks as an early
response to DNA damage. Nat. Genet. 37, 193–197.
[205] Williams, E.S. et al. (2007). DNA double-strand breaks are not sufﬁcient
to initiate recruitment of TRF2. Nat. Genet. 39, 696–698; author reply 698–
699.
[206] Opresko, P.L., von Kobbe, C., Laine, J.P., Harrigan, J., Hickson, I.D. and Bohr,
V.A. (2002) Telomere-binding protein TRF2 binds to and stimulates the
Werner and Bloom syndrome helicases. J. Biol. Chem. 277, 41110–41119.
[207] Zeng, S., Xiang, T., Pandita, T.K., Gonzalez-Suarez, I., Gonzalo, S., Harris, C.C.
and Yang, Q. (2009) Telomere recombination requires the MUS81
endonuclease. Nat. Cell Biol. 11, 616–623.
[208] Muftuoglu, M., Wong, H.K., Imam, S.Z., Wilson 3rd, D.M., Bohr, V.A. and
Opresko, P.L. (2006) Telomere repeat binding factor 2 interacts with base
excision repair proteins and stimulates DNA synthesis by DNA polymerase
beta. Cancer Res. 66, 113–124.
[209] Wu, Y., Mitchell, T.R. and Zhu, X.D. (2008) Human XPF controls TRF2 and
telomere length maintenance through distinctive mechanisms. Mech. Ageing
Dev. 129, 602–610.
[210] Temime-Smaali, N. et al. (2008) Topoisomerase IIIalpha is required for
normal proliferation and telomere stability in alternative lengthening of
telomeres. EMBO J. 27, 1513–1524.
[211] Fekairi, S. et al. (2009) Human SLX4 is a Holliday junction resolvase subunit
that binds multiple DNA repair/recombination endonucleases. Cell 138, 78–
89.
[212] Svendsen, J.M., Smogorzewska, A., Sowa, M.E., O’Connell, B.C., Gygi, S.P.,
Elledge, S.J. and Harper, J.W. (2009) Mammalian BTBD12/SLX4 assembles a
Holliday junction resolvase and is required for DNA repair. Cell 138, 63–77.
[213] Zhang, P., Pazin, M.J., Schwartz, C.M., Becker, K.G., Wersto, R.P., Dilley, C.M.
and Mattson, M.P. (2008) Nontelomeric TRF2-REST interaction modulates
neuronal gene silencing and fate of tumor and stem cells. Curr. Biol. 18,
1489–1494.
[214] Kim, H. et al. (2009) TRF2 functions as a protein hub and regulates telomere
maintenance by recognizing speciﬁc peptide motifs. Nat. Struct. Mol. Biol. 16,
372–379.
[215] Atanasiu, C., Deng, Z., Wiedmer, A., Norseen, J. and Lieberman, P.M. (2006)
ORC binding to TRF2 stimulates OriP replication. EMBO Rep. 7, 716–721.
[216] Deng, Z., Lezina, L., Chen, C.J., Shtivelband, S., So, W. and Lieberman, P.M.
(2002) Telomeric proteins regulate episomal maintenance of Epstein-Barr
virus origin of plasmid replication. Mol. Cell 9, 493–503.
[217] Bae, N.S. and Baumann, P. (2007) A RAP1/TRF2 complex inhibits
nonhomologous end-joining at human telomeric DNA ends. Mol. Cell 26,
323–334.
[218] Bombarde, O., Boby, C., Gomez, D., Frit, P., Giraud-Panis, M.J., Gilson, E., Salles,
B. and Calsou, P. (2010) TRF2/RAP1 and DNA-PK mediate a double protection
against joining at telomeric ends. EMBO J. 29, 1573–1584.[219] Sarthy, J., Bae, N.S., Scrafford, J. and Baumann, P. (2009) Human RAP1 inhibits
non-homologous end joining at telomeres. EMBO J. 28, 3390–3399.
[220] O’Connor, M.S., Safari, A., Liu, D., Qin, J. and Songyang, Z. (2004) The human
Rap1 protein complex and modulation of telomere length. J. Biol. Chem. 279,
28585–28591.
[221] Teo, H. et al. (2010) Telomere-independent Rap1 is an IKK adaptor and
regulates NF-kappaB-dependent gene expression. Nat. Cell Biol. 12, 758–767.
[222] Li, B. and de Lange, T. (2003) Rap1 affects the length and heterogeneity of
human telomeres. Mol. Biol. Cell 14, 5060–5068.
[223] Sfeir, A., Kabir, S., van Overbeek, M., Celli, G.B. and de Lange, T. (2010) Loss of
Rap1 induces telomere recombination in the absence of NHEJ or a DNA
damage signal. Science 327, 1657–1661.
[224] Martinez, P. et al. (2010). Mammalian Rap1 controls telomere function and
gene expression through binding to telomeric and extratelomeric sites. Nat.
Cell Biol.
[225] Kim, S.H., Han, S., You, Y.H., Chen, D.J. and Campisi, J. (2003) The human
telomere-associated protein TIN2 stimulates interactions between telomeric
DNA tracts in vitro. EMBO Rep. 4, 685–691.
[226] Kim, S.H., Kaminker, P. and Campisi, J. (1999) TIN2, a new regulator of
telomere length in human cells. Nat. Genet. 23, 405–412.
[227] Ye, J.Z. and de Lange, T. (2004) TIN2 is a tankyrase 1 PARP modulator in the
TRF1 telomere length control complex. Nat. Genet. 36, 618–623.
[228] Abreu, E., Aritonovska, E., Reichenbach, P., Cristofari, G., Culp, B., Terns, R.M.,
Lingner, J. and Terns, M.P. (2010) TIN2-tethered TPP1 recruits human
telomerase to telomeres in vivo. Mol. Cell. Biol. 30, 2971–2982.
[229] Kaminker, P.G., Kim, S.H., Desprez, P.Y. and Campisi, J. (2009) A novel form of
the telomere-associated protein TIN2 localizes to the nuclear matrix. Cell
Cycle 8, 931–939.
[230] Canudas, S. and Smith, S. (2009) Differential regulation of telomere and
centromere cohesion by the Scc3 homologues SA1 and SA2, respectively, in
human cells. J. Cell Biol. 187, 165–173.
[231] Latrick, C.M. and Cech, T.R. (2010) POT1-TPP1 enhances telomerase
processivity by slowing primer dissociation and aiding translocation. EMBO
J. 29, 924–933.
[232] Hockemeyer, D. et al. (2007) Telomere protection by mammalian Pot1
requires interaction with Tpp1. Nat. Struct. Mol. Biol. 14, 754–761.
[233] Tejera, A.M. et al. (2010) TPP1 is required for TERT recruitment, telomere
elongation during nuclear reprogramming, and normal skin development in
mice. Dev. Cell 18, 775–789.
[234] Rai, R., Zheng, H., He, H., Luo, Y., Multani, A., Carpenter, P.B. and Chang, S.
(2010) The function of classical and alternative non-homologous end-joining
pathways in the fusion of dysfunctional telomeres. EMBO J. 29, 2598–2610.
[235] Hockemeyer, D., Daniels, J.P., Takai, H. and de Lange, T. (2006) Recent
expansion of the telomeric complex in rodents: two distinct POT1 proteins
protect mouse telomeres. Cell 126, 63–77.
[236] He, H., Multani, A.S., Cosme-Blanco, W., Tahara, H., Ma, J., Pathak, S., Deng, Y.
and Chang, S. (2006) POT1b protects telomeres from end-to-end
chromosomal fusions and aberrant homologous recombination. EMBO J.
25, 5180–5190.
[237] Lei, M., Zaug, A.J., Podell, E.R. and Cech, T.R. (2005) Switching human
telomerase on and off with hPOT1 protein in vitro. J. Biol. Chem. 280, 20449–
20456.
[238] Yang, Q., Zheng, Y.L. and Harris, C.C. (2005) POT1 and TRF2 cooperate to
maintain telomeric integrity. Mol. Cell. Biol. 25, 1070–1080.
[239] Sheppard, S.A. and Loayza, D. (2010) LIM-domain proteins TRIP6 and LPP
associate with shelterin to mediate telomere protection. Aging (Albany NY)
2, 432–444.
[240] Denchi, E.L. and de Lange, T. (2007) Protection of telomeres through
independent control of ATM and ATR by TRF2 and POT1. Nature 448,
1068–1071.
[241] Kendellen, M.F., Barrientos, K.S. and Counter, C.M. (2009) POT1 association
with TRF2 regulates telomere length. Mol. Cell. Biol. 29, 5611–5619.
[242] Wotton, D. and Shore, D. (1997) A novel Rap1p-interacting factor, Rif2p,
cooperates with Rif1p to regulate telomere length in Saccharomyces
cerevisiae. Genes Dev. 11, 748–760.
[243] Moretti, P., Freeman, K., Coodly, L. and Shore, D. (1994) Evidence that a
complex of SIR proteins interacts with the silencer and telomere-binding
protein RAP1. Genes Dev. 8, 2257–2269.
[244] Hirano, Y., Fukunaga, K. and Sugimoto, K. (2009) Rif1 and rif2 inhibit
localization of tel1 to DNA ends. Mol. Cell 33, 312–322.
[245] Palladino, F., Laroche, T., Gilson, E., Axelrod, A., Pillus, L. and Gasser, S.M.
(1993) SIR3 and SIR4 proteins are required for the positioning and integrity
of yeast telomeres. Cell 75, 543–555.
[246] Lue, N.F. (2009) Plasticity of telomere maintenance mechanisms in yeast.
Trends Biochem. Sci. 35, 8–17.
[247] Pardo, B. and Marcand, S. (2005) Rap1 prevents telomere fusions by
nonhomologous end joining. EMBO J. 24, 3117–3127.
[248] Spink, K.G., Evans, R.J. and Chambers, A. (2000) Sequence-speciﬁc binding
of Taz1p dimers to ﬁssion yeast telomeric DNA. Nucleic Acids Res. 28, 527–
533.
[249] Vassetzky, N.S., Gaden, F., Brun, C., Gasser, S.M. and Gilson, E. (1999) Taz1p
and Teb1p, two telobox proteins in Schizosaccharomyces pombe, recognize
different telomere-related DNA sequences. Nucleic Acids Res. 27, 4687–
4694.
[250] Chikashige, Y., Haraguchi, T. and Hiraoka, Y. (2007) Another way to move
chromosomes. Chromosoma 116, 497–505.
M.-J. Giraud-Panis et al. / FEBS Letters 584 (2010) 3785–3799 3799[251] Miller, K.M., Rog, O. and Cooper, J.P. (2006) Semi-conservative DNA
replication through telomeres requires Taz1. Nature 440, 824–828.
[252] Ferreira, M.G. and Cooper, J.P. (2001) The ﬁssion yeast Taz1 protein protects
chromosomes from Ku-dependent end-to-end fusions. Mol. Cell 7, 55–63.
[253] Subramanian, L., Moser, B.A. and Nakamura, T.M. (2008) Recombination-
based telomere maintenance is dependent on Tel1-MRN and Rap1 and
inhibited by telomerase, Taz1, and Ku in ﬁssion yeast. Mol. Cell. Biol. 28,
1443–1455.
[254] Miller, K.M., Ferreira, M.G. and Cooper, J.P. (2005) Taz1, Rap1 and Rif1 act
both interdependently and independently to maintain telomeres. EMBO J. 24,
3128–3135.
[255] Moser, B.A., Subramanian, L., Khair, L., Chang, Y.T. and Nakamura, T.M. (2009)
Fission yeast Tel1(ATM) and Rad3(ATR) promote telomere protection and
telomerase recruitment. PLoS Genet. 5, e1000622.[256] Tomita, K. and Cooper, J.P. (2008) Fission yeast Ccq1 is telomerase recruiter
and local checkpoint controller. Genes Dev. 22, 3461–3474.
[257] Khair, L., Subramanian, L., Moser, B.A. and Nakamura, T.M. (2010) Roles of
heterochromatin and telomere proteins in regulation of ﬁssion yeast
telomere recombination and telomerase recruitment. J. Biol. Chem. 285,
5327–5337.
[258] Sugiyama, T., Cam, H.P., Sugiyama, R., Noma, K., Zofall, M., Kobayashi, R. and
Grewal, S.I. (2007) SHREC, an effector complex for heterochromatic
transcriptional silencing. Cell 128, 491–504.
[259] Croy, J.E., Altschuler, S.E., Grimm, N.E. and Wuttke, D.S. (2009) Nonadditivity
in the recognition of single-stranded DNA by the schizosaccharomyces
pombe protection of telomeres 1 DNA-binding domain, Pot1-DBD.
Biochemistry 48, 6864–6875.
